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Editorial
Self-Assembly of Atomically Precise Nanoclusters: From
Irregular Assembly to Crystalline Assembly

Rodolphe Antoine

Institut Lumiére Matiere UMR 5306, Université Claude Bernard Lyon 1, CNRS, Université Lyon,
F-69100 Villeurbanne, France; rodolphe.antoine@univ-lyon1.fr; Tel.: +33-(0)-787-098-059

The persistent efforts toward achieving superior properties for assembled nanoscale
particles have been held back due to the resulting polydispersity associated with colloidal
routes of synthesis [1]. The emergence of ligand-protected atomic clusters seems to be a
solution to this limitation [2]. In this case, the ligands stabilizing the clusters are highly
reactive in nature and thus provide a facile avenue for the “ligand-mediated spatial orga-
nization of nanoclusters” [3]. Further, the most important characteristic of nanoclusters,
which distinguishes them from other classes of nanomaterials, is that atomic clusters are
imbued with structural integrity. Even polydispersed nanoclusters may be purified follow-
ing regular purification techniques, and the precise chemical formula of the nanoclusters
may be deciphered thanks to mass spectrometry [4]. Thus, unlike other forms of nanoscale
particles, a dispersion of atomic clusters typically constitutes of structurally and chemically
related species. Controlling the size of nano-constructs is of the utmost importance to obtain
a nano-theranostic device, as outlined by Mellor et al. [5]. Hence, the study of chemical
reactions toward achieving complex nanostructures in a controllable manner could yield
self-assembled nanoclusters with multiple functions and collective properties [6], widening
their application potential [7].

The aim of this Special Issue on “Self-Assembly of Atomically Precise Nanoclusters”
was to provide a unique international forum aimed at covering a broad description of the
various approaches developed for assembling nanostructures (in particular nanoclusters)
into higher ordered structures in various dimensions.

Synthetic routes are at the heart of supramolecular chemistry. Innovative strategies,
inspired by colloidal routes, lead to 3D assemblies of nanoscale materials. Kim et al. [8]
used the evaporation of a fine fountain pen to form 3D colloidal assemblies composed of
nanoparticles. This route could be widely applied as a simple fabrication tool in order
to explore complex metamaterials constructed of nanoparticles, as this method is highly
flexible in varying the shape as well as the composition ratio of self-assembled structures.
Also, noble metal nanoparticles provide a reaction platform that plays dual roles in the
formation of ligand-protected gold nanoclusters. Cheng et al. used the surface of nanopar-
ticles, with four different shapes, to reduce gold ions and to attract capping ligands [9].
Alternative synthetic routes can use a pulsed plasma approach for the production and
surface deposition of silicon nanoclusters (SiNCs) for a size of about one to two nanome-
ters. The as-produced one-to-two-nanometer SiNCs can assemble to form much larger
“superclusters” with a size of tens of nanometers. These superclusters possess extremely
high permanent electric dipole moments that can be exploited to orient and guide these
clusters with external electric fields, opening the path to the controlled architecture of sili-
con nanostructures [10]. Amorphous or irregular assemblies are also of great interest since
they are found in natural processes. The growth of so-called amorphous calcium carbonate
nanoparticles into micro-to-millimeter scale crystals is the key step in the formation of the
shells and exoskeletons of most marine animals. Understanding the mechanism by which
these nanoparticles self-assemble is essential to better understand the effects of climate
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change on marine life. In this spirit, Clark et al. explored the kinetics of aragonite formation
from solution via amorphous calcium carbonate [11].

Ligands, which protect the nanoclusters, play a vital role for stability and for enhanc-
ing their properties. In particular, ligands may affect the intramolecular configuration,
intermolecular packing, and optical properties of metal nanoclusters. Wu et al. [12] used
a Agpy nanocluster template to address the effects of surface modification on intracluster
constructions and intercluster packing modes, as well as the properties of nanoclusters or
cluster-based crystallographic assemblies. At the supramolecular level, the regulation of
intramolecular and intermolecular interactions in nanocluster crystallographic assemblies
rendered them CIEE (crystallization-induced emission enhancement) active or inactive
nanomaterials. Silver nanoclusters (Ag NCs), as a material with good aggregation-induced
emission and biocompatibility, have been widely used in the field of luminescence. How-
ever, there are few studies on inducing Ag NCs to obtain chirality through supramolecular
self-assembly. Therefore, realizing the chiral self-assembly of Ag NCs is still an urgent
problem to be solved. Wang et al. [13] used silver NCs (Ago-NCs, [Agg(mba)g], where
H2mba = 2-mercaptobenzoic acid) and peptide DD-5 (polymerization of five aspartic acids)
to obtain highly ordered fluorescent nanotubes through supramolecular self-assembly.
With the introduction of DD-5, the Ag9-NCs AIE effect was triggered and the chirality of
the peptide was successfully transferred to the supramolecular assembly, resulting in an as-
sembly that possessed chirality and good circularly polarized luminescence characteristics.
Proteins, and in particular bovine serum, are good templates to stabilize and provide highly
fluorescent bioconjugates [14]. It is well-known that the deuterium-hydrogen isotope effect
causes significant changes in the folding—unfolding processes of proteins. Fehér et al. [15]
showed that heavy water, compared to normal water, induces stronger effects in both global
and fine structures of bioconjugates and that these changes bring a significantly increased
red fluorescence than that observed in normal water.

To conclude this overview on the papers published in the Special Issue “Self-Assembly
of Atomically Precise Nanoclusters”, I am confident that the readers will enjoy these
contributions and may be able to find inspiration for their own research within this Special
Issue. This series of manuscripts on this topic will give maximum impact and allow workers
in other research areas to apply the same methodologies in understanding the mechanisms
of self-assembly in their systems.
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Abstract: The 3D colloidal assemblies composed of nanoparticles (NPs) are closely associated with
optical properties such as photonic crystals, localized surface plasmon resonance, and surface-
enhanced Raman scattering. However, research on their fabrication remains insufficient. Here, the
femtoliter volume of a 3D colloidal assembly is shown, using the evaporation of a fine fountain pen.
A nano-fountain pen (NPF) with a micrometer-level tip inner diameter was adopted for the fine
evaporation control of the ink solvent. The picoliters of the evaporation occurring at the NFP tip and
femtoliter volume of the 3D colloidal assembly were analyzed using a diffusion equation. The shape
of the 3D colloidal assembly was dependent on the evaporation regarding the accumulation time
and tip size, and they exhibited random close packing. Using gold-, silver-, and platinum-NPs
and mixing ratios of them, diverse 3D colloidal assemblies were formed. The spectra regarding a
localized surface plasmon resonance of them were changed according to composition and mixing
ratio. We expect that this could be widely applied as a simple fabrication tool in order to explore
complex metamaterials constructed of nanoparticles, as this method is highly flexible in varying the
shape as well as composition ratio of self-assembled structures.

Keywords: colloidal assembly; nanoparticles; 3D nano-cluster; localized surface plasmon resonance;
small structure

1. Introduction

Small objects such as nanoparticles (NPs) have gained interest due to their utility in
localized surface plasmon resonance (LSPR) [1-5]. The incident light to subwavelength
scales of metallic NPs exhibits LSPR which is a useful optical phenomenon in diverse
practical applications such as biosensors [4-6], energy devices [7-9], chemical synthe-
sis [10-12] and surface-enhanced Raman spectroscopy [13-15]. To achieve the fabrication
of high-performance functional optical devices, it is necessary to be able to design and
manipulate LSPRs. Through the assembly of metallic NPs, plasmonic modes were able
to be induced in individual NPs [16,17]. In the superradiant mode in which these dipole
plasmons vibrate in phase, the radiation damping increases and the spectrum broadens,
and when they vibrate out-of-phase, the radiation damping decreases, causing a spectral
dip. These ensembles of plasmon modes depend on the NPs cluster and determine the
LSPR characteristics. The plasmon modes related to NPs cluster can be tuned by the shape,
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size, dielectric surroundings, and interparticle distances of NPs [16,17], and this tunability
opens the possibility for sensor applications. Recently, it has also been demonstrated that
LSPR can be enhanced or manipulated by changing the geometrical packing structure or
composition of NPs clusters [18-21].

The lithography with top-down fabrication has long been adopted to develop plas-
mon structures [16,17,22,23]. Electron- or ion-beam lithography is capable of fabricating
nanometer-sized metallic objects by adjusting the shapes and gap distances; however, it
suffers from cost inefficiency and low throughput. In addition, the fabricated structures
are restricted to two-dimensions, and expanding to three-dimensions through vertical
stacking is challenging. Using colloidal assembly has emerged as an alternative method to
make 3D plasmon clusters instead of top-down fabrication [24-26]. This method utilizing
solution-processed self-assembly provides advantages in terms of simplicity, scalable, and
high-throughput route for fabricating 2D as well as 3D plasmonic clusters. Marangoni
flow caused by nonuniform evaporation-induced surface tension gradient contributes
to the assembly of NPs resulting in densely packed clusters at a two- or three-phase in-
terface, and this solution-mediated mass transfer process such as dip coating [24], the
Langmuir-Blodgett process [25], and template-assisted self-assembly [26] have been de-
vised for fabricating NP clusters. Although many colloidal assembly techniques have been
developed, constraints on the free 3D structure creation and the change in component
composition ratio of plasmon clusters consisting of NPs remain challenging issues.

In this work, we propose an evaporation-induced fabrication and working mechanism
for the 3D colloidal assembly consisting of metallic NPs. In order to precisely control
the evaporation of the ink solvent, a micrometer-scale fountain pen tip is introduced into
the 3D colloidal assembly process. Nanoparticles dispersed in ink using picoliter volume
level evaporation are used to fabricate a 3D NP cluster with a femtoliter volume at the
micrometer-scale level, and the packing structure is analyzed. Finally, we investigate the
LSPR properties of a variety of NP clusters created using NPs composed of gold, silver,
and platinum.

2. Materials and Methods
2.1. Fabrication of Nano-Fountain Pen

To make a nano-fountain pen (NFP), which has an inner tip diameter of several
micrometer levels, we used a micropipette puller (SU-P97 FLAMING/BROWN PIPETTE
PULLER, Sarasota, FL, USA), where a standard glass capillary tube consisting of borosilicate
glass (ITEM No. 1B100F-6, outer diameter = 1.0 mm) was used to fabricate NFP. These were
purchased from World Precision Instruments. We adjusted the pulling conditions of the
puller to 520-530 °C and 10-11 levels of pulling velocity, where the pulling velocity is a set
unit used in the pulling machine representing the rate of separation of the puller bars when
the glass capillary tube starts to melt. In this condition, the part of the melting capillary
tube was pulled and changed to the hourglass neck. In the end, the neck is broken to create
two NFPs with a narrow inner diameter tip ranging between 3-5 pum.

2.2. Preparation of Nanoparticle-Dispersed Ink

The ink inserted into the NFP used for 3D colloidal assembly was a colloid consist-
ing of liquid water (dispersion medium) and metallic NPs (dispersed phase). Metallic
nanoparticles composed of gold (Au), silver (Ag), and platinum (Pt), respectively, were
used as building blocks for the 3D colloidal assembly, and these nanoparticles were pur-
chased from Nanocomposix (San Diego, CA, USA) and coated with polyvinylpyrrolidone
(PVP) for dispersion. The diameters (D) of metallic NPs used are as follows; AuNPs
(77 £9 nm and 20 + 2 nm), AgNPs (71 £ 7 nm and 26 £ 4 nm), and PtNP (72 £ 4 nm).
Using the mean diameters of NPs, we assigned the symbols to G = AuNPyy, g = AuNPy,
S = AgNPy, s = AgNPys, and P = PtNPy7, where uppercase and lowercase symbols rep-
resent relatively large and small nanoparticles. The concentrations (c in the unit of mg/mL)
of the nanoparticles dispersed in the ink were defined as cg, cg, cs, ¢s, and cp according to
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6¢c
D35’
0 is a mass density of nanoparticle depending on the composition), we defined to ng, ng,
ng, ng, and np.

the sizes and compositions of nanoparticles. In the case of the number density (n =

2.3. Motorized Printing Process

Adjusting the 3D colloidal assembly was controlled by distance changes between
the tip and the substrate using a 3-axis motorized stage operated by a controller (XPS-D4,
Newport, Irvine, CA, USA), and the position of the initial NFP is adjusted using a 3-axis
manual stage (PT3A /M, Thorlabs, Newton, NJ, USA). The height change on the z-axis of
the NFP and substrate (Si wafer mounted on the 3-axis motorized stage) was measured
using a side-view optical microscopy system consisting of a halogen fiber illuminator
(OSL2, Thorlabs). Three steps were set for the stamping process, Accumulation-Contact—
Detachment, while observing using an objective lens (MY20X-804, Mitutoyo, Kawasaki,
Japan), and a charge-coupled device (CCD) camera. After a stamping process, moving the
substrate along the x- or y-axis enables the formation of a regular pattern of 3D colloidal
assembly structures on the substrate.

2.4. Structure and Optical Spectra of 3D Colloidal Assembly

The structure of the 3D colloidal assembly was measured using a scanning electron
microscope (JSM-7900F, JEOL Ltd., Tokyo, Japan). We manually marked the center of
mass of the NPs composing the structure using Image] software and found their center
coordinates using the function of Analyze Particles. To investigate the optical properties
of 3D colloidal assemblies, we used an optical microscope (BX53M, Olympus, Tokyo,
Japan) in dark-field mode using an objective lens (LMPlanFL N, 100x, NA = 0.8, Olympus).
The spectral characteristics of the scattered light collected by the microscope were measured
with a spectrometer mounted on the microscope (US/USB4000, Ocean Optics, Duiven, The
Netherlands), and the color from the measured spectra was evaluated using CIE 1931 color
space plugged in Origin 2021.

3. Results and Discussion
3.1. 3D Colloidal Assembly Using a Nano-Fountain Pen

Water evaporation is ubiquitous, but occurs too slowly for us to perceive it visually.
In particular, controlling the evaporation of liquid droplets in the aerosol state is a field
of great interest as it occupies a very important part of engine technology, where the time
required for complete evaporation is proportional to the radius (R) of a spherical droplet:
this is known as the Radius-Square-Law [27]. At this time, the evaporating mass of liquid
per unit of time from the surface of the droplet is proportional to R. When the liquid is
continuously supplied to the droplet and R does not change, the mass loss is proportional to
R and evaporation time (t.), and a similar situation occurs at the tip of a fountain pen. In the
ink inside the fountain pen, nanometer-level dye particles are dispersed in a solvent to
express the color of the writing, and the nanoparticles gradually accumulate at the tip due
to evaporation of the solvent occurring at the tip. If the tip with accumulated nanoparticles
is stamped on a hard substrate such as glass where solvent absorption does not occur, the
accumulated nanoparticles might move to the substrate leaving traces of a 3D colloidal
assembly with the base area and height. The volume of the 3D colloidal assembly created
through this stamping process is proportional to the inner diameter of the tip and the
evaporation time. Since the scale of the 3D colloidal assembly’s base area is proportional to
R?, its height is proportional to R~ 1and te. Through this dimensional analysis, we reached
the conclusion that it can be used to create the 3D colloidal assembly through the stamping
process by reducing the size of the fountain pen tip or increasing the accumulation time. In
particular, in order to prepare for the fast manufacturing speed for large-area processes in
the future, it is more reasonable to reduce the inner diameter of the tip of the fountain pen
than to increase the accumulation time. Therefore, we prepared a nano-fountain pen (NFP)
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with micrometer-sized levels of inner tip diameter for the 3D colloidal assembly (refer to
Materials and Methods).

In order to precisely control the 3D colloidal assembly using the nano-fountain pen
(NFP), it was important to control the evaporation of water in the ink that occurs at the
NEFP tip. The Si wafer was used as a substrate mounting on the 3-axis motorized stage
(A of Figure 1a), and the motorized stage was utilized to adjust the stamping process of
the 3D colloidal assembly. The 3-axis manual stage (B of Figure 1a) was used to set the
initial position of the NFP hanging on the manual stage (C of Figure 1a). The motorized
stage setting and assembly process was observed by the side-view microscope system that
consists of the light source, objective lens, convex lens, and CCD camera (D-G of Figure 1a).
We note that the stamping process setup was isolated from the external environment with an
acrylic box to control humidity and temperature. In order to achieve 3D colloidal assembly
using the NFP, the cartridge was filled with ink above a critical height (Figure 1b). The inner
diameter of the NFP tip was 2R, and the thick inner diameter of the ink cartridge of the
NEFP was 2R, and R, was about 100 times larger than R;. Following this, the ink volume
filled in the NFP would be approximate to Vi ~ mR3H where H is the filling height of
the ink in the cartridge. The ink filled in the NFP experiences three forces; Two capillary
forces known as Young-Laplace Equation (F; = 7R3 x 2712(1’59 and F, = 7R3 x 271?2)59)
regarding the two water-air interfaces, and gravity F3 = pgVink. Here, ¥ = 72 mN/m is the
surface tension for the air-water interface [28], 6 is the contact angle for the air-water-glass
surface [29,30], p is the mass density of water, and g is the gravitational acceleration. So,
the net force parallel to the z-axis is expressed as F = —F; + F, — F3 and is approximate to
F ~ F, — F3 due to Ry > R;j. In order for the protruding hemispherical ink droplets to form
on the NFP tip, F; must be greater than F,, and the height of ink that must be filled in the

cartridge to meet the condition expressed as H > Hc, where a critical height, Hc = ZZ gcgie

coincides with a well-known capillary rise of liquid in a capillary [28]. Therefore, the ink
filled the cartridge over 17 mm for easy contact of the ink droplet to the substrate.

In order to achieve a stable state with high entropy, A- (green spheres) and B-NPs
(red spheres) preferentially mix evenly with each other (Figure 1b). Therefore, when
the ink is mixed via sufficient vortexing (30 s), the A- and B-NPs remain in an evenly
mixed and dispersed state. Moreover, the sedimentation of metallic NPs dispersed in the
ink is negligible. The metallic NPs dispersed in the ink sink by receiving the buoyancy,
Fg = v(p — p)g, due to the difference in mass density with the dispersion medium (water),

and at this experience the Stokes drag force, Fp = —37tDnup, due to the sinking speed
up. Here, v = ”TD3 is a volume of NP with a diameter D. Since the system corresponds

to the Low Reynolds number (Re = pD% < 1), their sinking speed is determined by the

balance of the buoyancy and the Stokes drag force, resulting in up = %. Where 7

3kB~ T
%
motion associated with thermal fluctuations, and thus the sedimentatipon is negligible due
to |Z—'§ | < 1. Here, kg and T are Boltzmann constant and absolute temperature, respectively.
In other words, the dispersion state of the metallic NPs in the ink is maintained uniformly

during the fabrication process.

The 3D colloidal assembly was achieved by a stamping process consisting of three
steps, Accumulation-Contact-Detachment (Figure 1c). Adjusting the accumulation time
(ta) in the first step is crucial for precise volume control of the 3D colloidal assembly where
the NFP tip is waiting at a sufficiently far distance from the substrate. In this step, the water
of the ink evaporates continuously at the NFP tip, and NPs are gradually accumulated on
the tip. The accumulated NPs are transported on the substrate through the capillary bridge
which connects the tip and substrate in the contact step for 1 s. In the last detachment step,
the substrate moves rapidly downward and the capillary bridge is disconnected leaving
NPs on the substrate. The NPs stacked on the substrate exhibit interesting 3D colloidal
assembled structures which are dependent on accumulation time, inner diameter of the
NFP tip, and mixing state of A- and B-NPs.

due to Brownian

is the viscosity of water. Metallic NPs also have a speed up =
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Figure 1. Fabrication of 3D colloidal assembly using NFP. (a) Experimental setup for 3D colloidal

Substrate

assembly: schematic (left) and picture (right). (b) Schematic of NFP and NPs dispersed in the ink.
(c) Stamping process to form the 3D colloidal assembly.

3.2. Fabrication Mechanism of a Femtoliter Level of 3D Colloidal Assembly

In order to more precisely control the 3D colloidal assembly at the femtoliter level using
the nano-fountain pen (NFP), an analytic solution from the evaporation of the ink solvent
was found. We assumed the shape of a protruding water droplet to be a hemisphere with
R to simplify the calculation when the ink is filled in the cartridge higher than the critical
height (Hc) as explained in Figure 1b. The mass loss of the solvent due to evaporation
occurring on the surface of the droplet can be calculated by the diffusion equation for
solvent expressed as % = CpV?¢, and the mass loss generated here is filled with the ink in
the cartridge as soon as it is supplied so that the size of the droplet always remains the same
(blue arrow in Figure 2a). Here, Cp ~ 2.6 X 1075 m? /s is the diffusion constant and ¢ is the
vapor concentration for water [31]. In addition, due to the very small droplet size and the
relatively large reservoir size, the diffusion of the solvent quickly reaches a steady condition
and the diffusion equation becomes the Laplace equation expressed as CpV2¢ = 0. Since
the concentration function must be continuous, the vapor concentration of the solvent near
the droplet surface becomes saturated (defined as & ~ 19.96 g/m?3) for a given temperature,
and the vapor concentration corresponds to the relative humidity of the reservoir (defined
as &y ~ 7.99 g/m3) when the distance is far enough away. Under these conditions, the
distribution of vapor concentration can be represented by & = ¢y — (és — &) Ry /1 as shown
in Figure 2b, and the flux of the solvent by evaporation can be expressed as | = —CpV¢é
from the spatial gradient of the vapor concentration. By integrating the flux passing through
the closed surface surrounding the droplet, the mass loss rate of the solvent (M = dM/dt)
due to evaporation can be obtained as M = 1/2 x ¢ J - d@ where the one-half multiplied
before the integral is due to only the hemisphere surface contributing to evaporation.
Consequently, the volume loss rate of the ink solvent can be calculated as V = M/p
(Figure 2c).

The picoliter levels of volume loss per unit of time occurring at the NFP tip leads
results in a volume change of the 3D colloidal assembly (Figure 2a). The volume loss of
the ink solvent is proportional to the evaporation time (t) in the accumulation step which
is now defined as the term accumulation time (f5). The NPs are accumulated continu-
ously at the NFP tip by evaporation, and then the accumulated NPs volume should also
increase gradually. The concentration of NPs dispersed in the ink was ¢ = 5 mg/mL,
and the mass of accumulated NPs (M = cVta) was yielded to the accumulated volume
of NPs (Vo = Ma/p) to approximate 1 fL for 5 = 5 s and the mass density of AuNPyy,
p = 19.32 g/cm?. This estimation coincides with the result as shown in Figure 2d. The vol-
ume of the 3D colloidal assembly is monotonically increased according to the accumulation
time. Interestingly, as the accumulation time increases, the empty space of the half-torus is
gradually filled and the shape of the 3D colloidal assembly is changed to that of a short
pillar. This confirms that the shape, as well as the volume of the 3D colloidal assembly, can
be changed by adjusting the accumulation time. The inner diameter size of the NFP tip also
influences the volume of the 3D colloidal assembly, with the results shown in Figure 2e,f
exhibiting that the larger inner diameter forms a larger volume for the same accumulation
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time. Moreover, the ink mixed with A- and B-NPs also forms the 3D colloidal assembly well
(Figure 2g) where the bright and dark NPs represent AuNP7; and AgNP.,, respectively.
The packing structures of the 3D colloidal assemblies as shown in the bottom images of
Figure 2e—g seem like random closed packing and this is analyzed later in greater detail.

>
(o]

>
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Hemisphre droplet

=)

0 2 4 6 40 60
riRy Accumulation time, t, ()

Accumulation time, t,

Figure 2. Volume and shape depending on evaporation. (a) Volume increment of 3D colloidal
assembly regarding the accumulation time, 5. (b) Distribution of vapor concentration induced
by evaporation at the NFP tip. (c) Evaporation-induced mass loss of water according to the tip
inner radius. (d) Scanning electron microscope (SEM) images of 3D colloidal assemblies consisting
of AuNPy;. The scale bar represents 2 pm. SEM images of AuNPy; assemblies for 5 = 10 s:
(e) Ry ~ 3 pm and (f) Ry ~ 5 pm. (g) Binary assembly consisting of AuNP7; (bright particles) and
AgNP,, (dark particles). In Figure 2e—-g, the scale bars colored white (top) and red (bottom) represent
3 um and 0.5 pm, respectively.

3.3. Packing Structures of 3D Colloidal Assembly

The characteristics of the packing structure were found from the position of the center
of mass of the NPs in the 3D colloidal assembly. Each NP can be identified in the SEM
image, and their center of mass (7;) was manually located which is marked in red dots
(Figure 3a), and the center positions are plotted as shown in Figure 3b, and using these, we
found the distances between two NPs (r;; = |7j — 7|, for i # j). We found the number of
the first nearest neighbors from a certain NP as marked in red and blue circles.

The 3D colloidal assembly exhibited a random close packing. The distribution of
distance (black dots) and their cumulative percent (red solid line) were counted for the
distance interval of Ar;; = 10 nm (Figure 3c). Since the measuring area is finite, the tail of
the distribution of distance converges to zero. To find the packing distance, we focused on
the distribution for 7;; < 0.2 pm with smoothing (red dots of Figure 3d). The result showed
two peaks at 73 nm and 141 nm, which correspond with the distances for the first (FNNs)
and third nearest neighbors (TNNs), while the peak corresponding with the second nearest
neighbors (SNNs) is absent. Since the centers do not lie in one plane, the distance of the
FNN measures slightly less than 77 nm. In the case of the TNNS, the distance is slightly less
than twice that of FNNs, meaning that the particles in the TNNs are not lined up exactly,
but rather slightly deviated. The absence of the peak for SNNs also indicates the structure
is not hexatic packing and we investigated the number of FNNs and their ratio regarding
the number (Figure 3e). The number of FNNs was counted for each NP located within a
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certain radius that is set to 1.5 times the distance for FNNSs. The highest ratio occurred at
6, 5, and 7 follows suggesting that the structure is not hexatic. Therefore, we confirmed
that the 3D colloidal assembly is random close packing through comprehensive structural
analysis. For random close packing, the volume fraction of the 3D colloidal assembly is
« =~ 0.64 [32], and thus the 3D colloidal assembly volume (V3p) and accumulated volume
can be expressed as aV3p = Vj. In the cases of 1, 2, and 3, the number is influenced by the
NPs’ position where the NPs are located near the border of the measuring area while the 8
and 9 are observed because of the NPs located beneath the outer layer.
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Figure 3. Packing structure of 3D colloidal assembly. (a) Center of mass of AuNP7;. The scale bar
represents 0.3 pm. (b) Characterization of packing structure using the distance between two NPs
(rij) and the number of first nearest neighbors (FNNSs). (c) Distribution of rij. The counts represent
the number of r;; existing within distance increment for each Ar;; = 10 nm. (d) Packing distance of
3D colloidal assembly. (e) Ratio of FNNs. The number of FNNs was found by counting the NPs
existing within 1.5 times the FNN distance.

3.4. Optical Properties Regarding the Structural Changes of 3D Colloidal Assembly

Clusters of metallic NPs created by the 3D colloidal assembly can be used for develop-
ing optical metamaterials via wavelength-selective light scattering due to localized surface
plasmon resonance (LSPR) [18-21]. In order to tune LSPR, the structure of the cluster needs
to be controlled, since the packing structure and mixing of metallic NPs are responsible
for the LSPR change. The advantage of using NFP is that the mixing and dispersion state
of the NPs dispersed in the ink determines the packing characteristics of the 3D colloidal
assembly. It is possible to study the optical properties of optical metamaterials more easily
by tuning and fabricating 3D colloidal assemblies of single or binary configurations.

The strategy for tuning LSPR was approached by changing the composition of the
NPs and changing the packing structure. For changing the composition of the NPs, the NPs
composed of gold (G and g), silver (S and s), and platinum (P) are used, and the large and
small NPs are also adopted for changing packing structure (Figure 4a). In order to tune the
dispersion state of the 3D colloidal assembly, it is important to adjust the mixing ratio of
the ink regarding the NP size. The dispersion state of the 3D colloidal assembly composed
of two types of A-NPs and B-NPs is largely determined by the size difference between
them. We considered two major states: (I) The size of A-NPs and B-NPs are similar, and (II)
A-NP is approximately four-times larger than B-NP. Firstly, we set the conditions so that

10
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B-NPs enclose A-NPs or are enclosed by A-NPs for 3D colloidal assembly, and the number
density ratio was estimated from the radii of A-NPs and B-NPs, Ry and Rg. The spherical
surface area S = 471(Ra + Rp)?, and the approximate number of B-NPs needed to wrap
A-NP in closed packing is %% Here, 1 was multiplied as when A-NPs are enclosed, they
share B-NPs. Therefore, the nlimber density ratio of 10:1 and 1:10 for case (I) and 1:50 for
case (II) is sufficient for the enclosing condition in 3D colloidal assembly. Considering these
points, we finally chose the number density ratio of A-NPs and B-NPs, (114 : np) as follows:
(1:0, 10:1, 1:1, 1:10, 0:1) for case (I) and (1:0, 1:1, 1:50, 0:1) for case (II). The packing structure
changes following the yellow arrow for case (I) and the red arrow for case (II) as shown in
Figure 4b. We note that approximately 1-50 nanoparticles are dispersed in a 1 pm cube box
in the ink in a state that satisfies the experimental conditions described previously.

The spectrum of scattered light is changed by the 3D colloidal assembly of various
structures made using NFP. For case (I) of PtNP7, and AgNP,,, the number density ratio
(np : ng) is (1:0, 10:1, 1:1, 1:10, 0:1), their scattered light spectrum changes (Figure 4c), and
the RBG value changes as shown in Figure 4d when these spectra are converted using the
CIE 1931 color space. The 3D colloidal assemblies for different four kinds of NPs as shown
in Figure 4a exhibited color changes according to the mixing ratio (Figure 4e). The dark
star (P) represents the spectrum obtained from the single-component 3D colloidal assembly
consisting of PtNPs. The red stars exhibit the spectra measured by the single-component
3D colloidal assembly for AuNP7; (G), AuNPyg (g), AgNP, (S), and AgNP,,(s). The yellow
and red arrows in Figure 4e indicate the structure change as shown in Figure 4b. Their
color changes occurred with the signals of two single-component 3D colloidal assemblies.
We anticipate that by carefully using metal nanoparticles whose scattering spectra occur in
parts distinct from the color map, a wide color distribution between the two parts can be
achieved. Moreover, it is expected that the fabrication of a simple 3D colloidal assembly
using NFP and the adjustment of the mixing composition ratio will be applicable to the
study of micrometer-scale optical metamaterials.
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Figure 4. Optical property of the 3D colloidal assembly regarding the diverse structures and mixing
compositions. Schematics for (a) Mixing combinations of metallic NPs and their (b) Packing structures
of 3D colloidal assemblies regarding composition and size. The colors represent the composition of
NP. The yellow and red arrows show the changes in packing structures when the mixed NP sizes are
similar and different, respectively. (c) Light scattering spectra of 3D colloidal assemblies consisting
of AuNPy7; and AuNPyg. (d) RGB color changes depending on the mixing ratio. (e) Color shift of
diverse 3D colloidal assemblies on the CIE 1931 color space. The yellow and red arrows represent
packing structure changes as described in Figure 4b.
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4. Conclusions

We investigated the fabrication and principles of a 3D colloidal assembly inspired
by a nano-fountain pen (NFP). When the inner diameter of the NFP tip was reduced to
a micrometer-size scale, 1 pL of water per second was evaporated with the ink solvent
generated at the tip. This evaporation caused the metal nanoparticles (NPs) dispersed in
the ink to accumulate on the NFP tip. The accumulated volume increased in proportion
to the accumulation time with a rate of increase of 1 fL per second. Therefore, through
the accumulation phenomenon and the stamping process, a 3D colloidal assembly with a
volume of 1 fL could be fabricated on a Si wafer substrate. Depending on the accumulation
time, the shape of the manufactured 3D colloidal assembly changed from half-torus to short-
pillar. Through examining the location of the center of mass of the NPs constituting the
3D colloidal assembly, the structure was found to have a random close packing. In addition,
by changing the mixing of metal nanoparticles dispersed in the ink, 3D colloidal assemblies
of various sizes and material compositions were fabricated, and the possibility of localized
surface plasmon resonance tuning was confirmed. It is expected that the fabrication
mechanism presented here, as well as the simple binary cluster fabrication method, can be
used not only for research on various combinations of optical metamaterials but also for
the development of optical sensor devices and nanocatalysis using this structure [33-35].
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Abstract: In this study, differently shaped silver nanoparticles used for the synthesis of gold nan-
oclusters with small capping ligands were demonstrated. Silver nanoparticles provide a reaction
platform that plays dual roles in the formation of Au NCs. One is to reduce gold ions and the other
is to attract capping ligands to the surface of nanoparticles. The binding of capping ligands to the
AgNP surface creates a restricted space on the surface while gold ions are being reduced by the
particles. Four different shapes of AgNPs were prepared and used to examine whether or not this
approach is dependent on the morphology of AgNPs. Quasi-spherical AgNPs and silver nanoplates
showed excellent results when they were used to synthesize Au NCs. Spherical AgNPs and triangular
nanoplates exhibited limited synthesis of Au NCs. TEM images demonstrated that Au NCs were
transiently assembled on the surface of silver nanoparticles in the method. The formation of AuNCs
was observed on the whole surface of the QS-AgNPs if the synthesis of Au NCs was mediated by
QS-AgNPs. In contrast, formation of Au NCs was only observed on the edges and corners of AgNPts
if the synthesis of AuNCs was mediated by AgNPts. All of the synthesized Au NCs emitted bright
red fluorescence under UV-box irradiation. The synthesized Au NCs displayed similar fluorescent
properties, including quantum yields and excitation and emission wavelengths.

Keywords: gold nanoclusters; silver nanoparticles; quantum yields; fluorescence; TEM

1. Introduction

Over the past decades, the nanoscience of noble metals has drawn tremendous at-
tention and become a fascinating research subject. Amongst the noble metals, gold is
considered as one of the most extensively studied elements, and a myriad of related articles
have been produced due to its chemical stability, specific photoproperties, nontoxicity,
and biocompatibility. It is involved in various research areas and applications, including
chemical sensing [1], medicine [2], and catalysis [3].

Gold exhibits characteristic properties that are influenced by its particle size. When
the particles are prepared to be 100 nm or less in diameter, they are termed “nanomaterials”.
These small-sized gold nanomaterials are further classified into two different groups
based on their properties and/or dimensions, which are gold nanoparticles (AuNPs) and
gold nanoclusters (Au NCs). Au NCs usually consist of several to tens of gold atoms.
Structurally, gold clusters are divided into two parts, the outer shell and the inner core. The
outer shell is composed of protecting ligands or capping ligands coordinated with the inner
core, the aggregate of gold atoms. The inner core of the cluster has to be segregated by the
capping ligands to prevent further aggregation into larger nanoparticles. The sizes of gold
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nanoclusters are typically less than 5 nm in diameter, exhibiting intrinsically unique and
size-specific properties. The ultra-small nanoclusters are in a group of their own, as their
unique properties are much different from those of Au nanoparticles. For instance, AuNPs
absorb visible wavelengths, but Au NCs do not. Unlike AuNPs, Au NCs neither appear in
any specific geometrical shape under the detection of TEM or SEM, nor do they display
surface plasmon resonance (SPR) under UV-Vis spectroscopy [4]. The most important
characteristics distinguishing Au NCs from AuNPs is that the smaller Au NCs exhibit a
molecular-like luminescence property [2,5]. This unique phenomenon is attributed to the
size of these nanoclusters, similar to an electron Fermi wavelength of gold metal, leading
to its continuous band structure, which becomes quantum-like and breaks into discrete
energy states [5]. As a result, these Au NCs behave like molecules and emit fluorescence
even though there are no conjugated double bonds in a rigid ring [6].

The preparation method of Au NCs is classified into two approaches, “top-down” and
“bottom up”. Both synthetic procedures require the protection of capping ligands during
synthesis. The top-down approach synthesizes smaller-sized Au NCs from larger-sized
nanoparticles assisted with itching reagents and solvents [1,7,8]. However, this approach
is time-consuming, and isolation is typically required [9]. It also requires large nanoparti-
cles as the precursors, which limits its further development. The “bottom-up” approach
usually prepares Au clusters through the reduction of Au ions into atoms, followed by the
spontaneous nucleation of the Au atoms. However, Au ions can be reduced into Au atoms
and then form nanoparticles, instead of nanoclusters, because of the potential aggregation
of Au atoms in the absence of capping ligands. Too many factors have to be taken into
consideration for the successful synthesis of Au NCs. In general, the reaction condition for
each synthesis of Au NCs is always dependent on the properties of the capping ligands.
Selecting suitable capping ligands has become a challenge for the “bottom-up” synthesis
of Au NCs. In the past two decades, the synthesis of Au NCs using macromolecules as
the capping ligands has attracted the most attention, because macromolecules are capable
of sequestering limited Au ions in a restricted space so that fewer Au nanoparticles are
produced. Researchers have used dendrimers and proteins as capping ligands for the
preparation of Au NCs [10-13]. However, applications of Au NCs are always dictated
by the properties or functions of capping ligands. The synthesis of Au NCs with small
molecules is frequently required. For instance, Au NCs synthesized with cysteamine or
4-aminothiophenol can associate with monoamine oxidase B (MAQO) and inhibit its activity
(MAOQI). These MAOI-like Au NCs can mimic drugs to treat patients with depression
or anxiety [14]. Siddiqui et al. synthesized GST-Au NCs and utilized fluorescence reso-
nance energy transfer (FRET) to detect melanin. The phenomenon of FRET was achieved
by bringing melanin into the proximity of GST-Au NCs through the interaction of GST
with melanin [15]. However, Au NCs with small molecules as capping agents are more
difficult to synthesize than those with polymer molecules as capping ligands. There is
no facile method that can be generally adopted for the synthesis of Au NCs with small
molecules, although several small capping ligands have been used to synthesize Au NCs,
such as glutathione disulfide (GSSG) [16]. However, this chemical reduction method is
time-consuming (about 2 days) and produces unwanted large nanoparticles as byproducts.
Several researchers have also reported the synthesis of GST-Au NCs [17-19]. Nevertheless,
the synthesis process requires high temperatures or further purification.

Our lab reported a new synthesis approach that could be applied to the synthesis of
fluorescent Au NCs using small molecules as capping ligands [20]. The synthesis of Au
NCs was completed under mild conditions within one day at 37 °C when quasi-spherical
AgNPs were available. No Au nanoparticles were produced as byproducts after Au NC
synthesis. The new method was demonstrated to synthesize Au NCs with two different
molecules as the capping ligands, GSSG and the reduced form of DTT. As we previously
suggested, quasi-spherical AgNPs play two important roles in Au NC synthesis: they act as
a reducing agent for gold ions and serve as a platform to accumulate capping ligands on the
surface of AgNPs. Au ions on the surface of quasi-spherical AgNPs are trapped by capping
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ligands and reduced by the AgNPs, while the capping ligands are attracted to the surface of
the AgNPs. The assembly of Au ions and capping ligands on the surface of AgNPs turns on
the synthesis of Au NCs. One advantage of this method is that the capping ligands can be
variable if they can associate with AgNPs. However, the morphology of the AgNPs could
influence their ability to attract capping ligands to the surface. Thus, it is not clear whether
or not the shape of AgNPs is critical for their synthesis. In this report, four different shapes
of AgNPs, quasi-spherical silver nanoparticles (QS-AgNPs), spherical silver nanoparticles
(S-AgNPs), triangular silver nanoplates (T-AgNPts) and silver nanoplates (AgNPts), were
prepared and used in the experiments to examine the effect of AgGNP morphologies on the
synthesis of Au NCs. Three small molecules, DTT, oxidized DTT (DTTox), and GSSG were
used to synthesize Au NCs as capping ligands to examine whether the synthesis of Au
NCs is dependent of the shape of the AgNPs.

2. Materials and Methods
2.1. Materials

Chloroauric acid trihydrate (HAuCl;3H,0) (99.99%) was obtained from Alpha Aesar
(Thermo Fisher Scientific, Ward Hill, MA, USA). Sodium citrate dihydrate (C¢HsNazOy02H,0)
(>99.0%) was purchased from J. T. Baker (J.T. Baker, Philipsburg, NJ, USA). DL, 1, 4-
dithiothreitol (DTT) (99%) was purchased from Acros Organics (Geel, Belgium). Silver
nitrate (>99%), glutathione disulfide (GSSG) (>99%), sodium borohydride (99%), and
oxidized DTT (>98%) were all purchased from Sigma Aldrich (Sigma Aldrich Inc. St.
Louis, MO, USA).

2.2. Synthesis of AGQNPs
2.2.1. Synthesis of Quasi-Spherical AgNPs

The procedure for synthesizing quasi-spherical AgNPs followed the method described
previously, except that the violet LEDs (the average intensity 40 mW/cm? and wavelength
405 nm) were used to replace the UVB lamp in the irradiation chamber for the reactions [21].
In general, a reaction bottle containing 40 mL ddH,0O was mixed with the silver nitrate
solution (0.5 mL, 0.01 M). Sodium citrate (0.066 g) was added to the solution and mixed
thoroughly. The reaction solution was added with ddH;O to a total of 50 mL to reach the
final concentrations of 0.1 mM AgNOj; and 4.5 mM sodium citrate. The reaction solution
was then irradiated under violet LEDs in the chamber for 2.5 h (Figure S1).

2.2.2. Synthesis of Spherical AgNP

In brief, silver nitrate solution (0.5 mL, 0.01 M) and sodium citrate (0.1 mL, 0.03 M)
were sequentially added into a beaker containing 48.5 mL ddH,O and mixed thoroughly.
Freshly prepared sodium borohydride (0.5mL, 0.01 M) was then placed into the solution.
Double distilled H,O was placed into the solution to make a total of 50 mL to obtain final
concentrations of 0.1 mM AgNOs3, 0.06 mM sodium citrate, and 0.1 mM NaBH,. The
solution was then mixed with stirring for 10 min. The mixture was then irradiated under
violet LEDs (405 nm) in the chamber for 80 min.

2.2.3. Synthesis of Silver Nanoplates (AgNPts)

The steps used for the synthesis of silver nanoplates followed the procedure that was
previously reported [22]. In brief, the synthesis of AgNPts begins with the same protocol as
the preparation of quasi-spherical AgNPs. The quasi-spherical AgNP colloid solution was
used to undergo shape transformation to form AgNPts by the following steps. The quasi-
spherical AgNPs were irradiated under a green LED set-up in a chamber (A, 520 nm,
average power 48 mW /cm?) for 2 h. The solution was then changed to another chamber for
the irradiation of red LEDs (620 & 18 nm, average power 116 mW /cm?) for 3 h (Figure S1).
The solution was then removed from the LED chamber to stop the reaction. A UV-Visible
spectrophotometer was used to confirm whether the surface plasmon resonance absorption
band was formed at approximately 700 nm, indicating the synthesis of silver nanoplates.
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2.2.4. Synthesis of Triangular Nanoplates (T-AgNPts)

We prepared a solution (50 mL) containing the final concentrations of 0.1 mM AgNOs,
4.5 mM sodium citrate, and 0.1 mM NaBHy. The solution was mixed by stirring for
5 min. The mixture was then irradiated under sodium LEDs (589 nm) for 1.5 h. A UV-
Visible spectrophotometer was employed to verify whether the surface plasmon resonance
absorption band was observed at approximately 700 nm, an indication that silver triangular
nanoplates had been synthesized.

2.3. Synthesis of Au NCs

Typically, a reaction aqueous solution (1 mL) was formed with final concentrations
of HAuCly and capping ligands of 0.4 mM and 15 mM, respectively. The total silver
concentration of AgNPs was 4.8 x 10~2 mM. The final concentration of the capping ligands
may be changed, and it will be specified in the discussion. The solution was then incubated
at 37 °C for 7 h or longer. The reaction solution was monitored under a UV-box and
a fluorescent spectrophotometer. Dialysis was employed to remove silver ions using a
2.0 kDa MWCO dialysis bag, if necessary.

2.4. Fluorescence Spectroscopy

For a typical fluorescent measurement, a quartz cuvette (4 mm x 4 mm) was used and
placed with fluorescent samples (250 pL). A Teflon-coated magnetic stir flea (2 mm x 2 mm)
was used to facilitate mixing, if necessary. Each fluorescence sample was measured by a
Fluorolog®—3 spectrophotometer (HORIBA Jobin Yvon Inc, Edison, NJ, USA). The temper-
ature of the sample chamber was maintained at room temperature. Each measurement
was subtracted by a blank sample (ddH,O). The excitation shutter was kept closed, except
during measurements, to avoid the continuous irradiation of light.

2.5. TEM Imaging of AgNPs and Au NCs

A transmission electron microscope (TEM), Joel JEM-2100 (purchased from Japan
Electron Optics Laboratory Co., Ltd., Tokyo, Japan), was used to detect Au NCs and
AgNPs. The TEM instrument was operated under air-conditioning at 100 kV and 200 kV.
To prepare samples for the TEM detection, the as-prepared Au NCs or AgNP colloidal
solutions were placed onto a carbon-coated copper grid. The samples were then air-dried
at ambient temperature before examination.

2.6. UV-Visible Spectroscopy

The UV-Vis extinction spectra of all samples were measured at room temperature by
the Hitachi U-5100 spectrophotometer (Hitachi Science & Technology, Tokyo, Japan) using
a quartz cuvette (1.0 cm x 1.0 cm).

2.7. Quantum Yields

The quantum yield was calculated to estimate the fluorescent efficiency of a newly
synthesized Au NC sample. It was defined and calculated as follows:
Quantum yield = number of protons emitted /number of protons absorbed, or

Qs = Qr(Is x ODg x ng?)/(Ig x ODg x ng?) 1)

where Qg is the sample’s calculated quantum yield; Qg is the standard’s quantum yield
(ethidium bromide, 20%); Is is the sample’s total fluorescent intensity; Ir is the standard’s
total integrated fluorescent intensity (ethidium bromide, EtBr); ODs is the optical density
for the sample at the absorption (or excitation) wavelength; ODg is the optical density
for EtBr as the reference at the absorption wavelength; ng is the refraction index of the
sample solution; and np is the refraction index of the EtBr solution. The values of ng and
nR were very close and were regarded as the same because both solvents were ddH,O. The
quantum yields of the fluorescent sample (Au NCs) were calculated by Equation (1).
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3. Results
3.1. Characterization of Silver Nanoparticles

In a previous report, it was demonstrated that AgNPs play important roles in the
synthesis of Au NCs using small molecules as capping ligands [20]. However, differently
shaped AgNPs could exhibit capping ligands with different binding abilities. In this study,
four different shapes of AgNPs were synthesized: quasi-spherical silver nanoparticles (QS-
AgNPs), spherical silver nanoparticles (S-AgNDPs), triangular silver nanoplates (T-AgNPts),
and nanoplates (AgNPts). After AgNP synthesis, the UV-Visible spectrophotometer was
employed to examine whether the SPR absorption band was observed and located at its
characteristic wavelengths. Figure 1A-D depict the UV-Vis spectra and TEM images of
the as-prepared colloidal silver nanoparticles with different shapes. QS-AgNPs, shown
in Figure 1A, exhibit a symmetric LSPR band that has the highest absorption at approxi-
mately 408 nm. Silver nanoplates synthesized using a three-stage photochemical reaction
(Figure 1B) show bands peaking at 672 nm and 343 nm, correctly corresponding to the
in-plane dipolar LSPR and out-of-plane quadrupole modes, respectively. The TEM image
showed that the colloids consist of triangular- and round-shaped AgNPts. Triangular silver
nanoplates were prepared using the plasmon-mediated process involved in the irradiation
of the sodium lamp. As shown in Figure 1C, the UV-Vis spectra of T-AgNPts showed
two characteristic bands peaking at 702 nm and 340 nm, corresponding to the in-plane
dipolar LSPR mode and out-of-plane quadrupole mode, respectively. Spherical silver
nanoparticles (5-AgNPs), shown in Figure 1D, exhibit a symmetric LSPR band that peaks
at around 408 nm, similar to the UV-Vis absorption of quasi-spherical silver nanoparticles.
The TEM image exhibits the round-shaped morphology of the colloids, which could be
either spherical or plated. However, since no peak was detected at 330-340 nm in the
UV-Vis spectra, the products are indeed spherical AgNPs.
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Figure 1. UV-Vis spectra and TEM images of colloidal silver nanoparticles with different shapes.
(A) Quasi-spherical silver nanoparticles (QS-AgNPs), (B) silver nanoplates (AgNPts), (C) triangular
silver nanoplates (T-AgNPts) and (D) spherical silver nanoparticles (S-AgNPs).

3.2. Synthesis of Gold Nanoclusters Mediated by Silver Nanoparticles

A bottom-up (atoms to clusters) strategy was employed to synthesize Au NCs with
small molecules as capping ligands. Three capping ligands (DTT, oxidized DTT, and GSSG)
and four different shapes of as-prepared AgNPs were used in the synthesis of Au NCs. In
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general, three required components have to be present in the Au NC synthesis solution:
Au’*, Au®*-reducing agents (AgNPs), and capping ligands. In the typical synthesis of Au
NCs, AgNP colloids, HAuCly, and capping ligands are sequentially placed in the reaction
solution and mixed. The mixture is then incubated at 37 °C. Figure 2A (odd numbers for
QS-AgNPs, even numbers for T-AgNPts) and 2B (odd numbers for AgNPts, even numbers
for S-AgNPs) show the results for when GSSG molecules were used as capping ligands
and all four different shapes of AgNPs were used as reducing agents. After several hours
of incubation, the reaction solution gradually turned bright red under the irradiation of
the UV-box equipped with dual wavelengths, 254 and 365 nm. These results suggest that
all four different shapes of AgNPs could be used to successfully synthesize Au NCs. To
examine whether different concentrations of AgNPs influence the synthesis of Au NCs,
different concentrations of QS-AgNPs (0.0, 3.2, 4.8, 6.4, and 8.0 mM) were used in the
synthesis. All of the results, except those for 0.0 mM, showed a bright red color under
UV-Box when 0.4 mM HAuCly and 5 mM GSSG were used. The synthesized GSSG-Au
NCs (labelled temporarily) were further investigated to determine their maximal excitation
and emission wavelengths using fluorescence spectroscopy. All four synthesized GSSG-Au
NCs mediated by four different shapes of AgNPs showed the same maximal excitation
and emission wavelengths, at 354 and 623 nm, respectively. In the absence of GSSG, no
fluorescent emission was detected (Figure 2A,B, lanes 1 and 2), which revealed that capping
ligands are required to produce Au NCs.

(A) B)

Sample# 1 23 4567 89 10 Sample# 1 2 3 4 567 89 10
0 min 0 min
30min 30min
1 day 1 day

[GSSG](mM) 0 0 2 2 5 5 8 8 1515 [GSSG](mM) 0 0 2 2 5 5 8 8 1515

Figure 2. Synthesis of GSSG-Au NCs using 0.4 mM HAuCly and different shapes of 4.8 x 1072 mM
AgNPs. Concentrations of GSSG are indicated at the bottom of each figure. The images of the
as-prepared GSSG-Au NCs solutions were taken under UV-box detection. Sample # (numbers) are
indicated above. (A) Odd numbers (3, 5, 7, and 9) indicate that QS-AgNPs were used as the reductants
and even numbers (4, 6, 8, and 10) indicate that T-AgNPts were used as the reductants. (B) Odd
numbers indicate that AgNPts were used as the reductants and even numbers indicate that S-AgNPs
were used as the reductants.

To verify whether all four different shapes of Ag NPs are effective for the synthesis
of Au NCs with other capping ligands, DTT was used to replace GSSG. The as-prepared
reaction solutions of DTT-Au NCs (labeled temporarily), under the detection of the UV-box,
are shown in Figure 3A,B. Interestingly, the results clearly show that DTT-Au NCs can be
successfully synthesized when QS-AgNPs (#3, 5, 7, and 9 of Figure 3A) and AgNPts (#4, 6,
8, and 10 of Figure 3B) are used in the reaction. In contrast, much less red fluorescence was
observed from the solutions when T-AgNPts (#4, 6, 8, and 10 of Figure 3A) and S-AgNPs
(#3, 5,7, and 9 of Figure 3A,B) were used in the synthesis of DTT-Au NCs, indicating that
T-AgNPs and S-AgNPs exhibit less efficiency during the synthesis of DTT-Au NCs. To
further understand whether more capping ligands or AgNPs are required to optimize the
synthesis of Au NCs, higher concentrations of DTT and AgNPs were used to synthesize
DTT-Au NCs. However, fluorescent intensities did not increase significantly, suggesting
that higher concentrations of capping ligands or AgNPs are not able to increase the percent
yield of Au NCs.
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(A) Sample# 1234567 89 10 (B) Sample# 1234567 89 10
0 min 0 min
30min 30min
7 hr 7hr | | I
[DTT (reduced)] mM) 0 02 2 5 5 § 8 15 15 [DTT (reduced)] (mM) 0 02 2 5 5 § § 15 15

Figure 3. Synthesis of DTT-Au NCs using 0.4 mM HAuCly and different shapes of 4.8 x 1072 mM
AgNPs. Concentrations of DTT are indicated on the bottom of each figure. The images of aqueous
solutions of the as-prepared DTT-Au NCs are taken under UV-box detection. Sample # (numbers)
are indicated above. (A) Odd numbers (3, 5, 7, and 9) indicate that QS-AgNPs were used as the
reductants and even numbers (4, 6, 8, and 10) indicate that T-AgNPs were used as the reductants.
(B) Odd numbers indicate S-AgNPs were used as the reductants and even numbers indicate that
AgNPts were used as the reductants.

We further used an oxidized form of DTT (DTTox) to synthesize DTTox-Au NCs
(labeled temporarily). However, the results are very similar to those using DTT as the
capping ligands (Figure 4). Therefore, DTTox-Au NCs can be successfully synthesized
when QS-AgNPs and AgNPts are used in the reaction. Less efficient Au NC synthesis was
observed when S-AgNPs or T-AgNPs were used to synthesize DTT-Au NCs or DTTox-Au
NCs. The difference in efficiency of Au NC synthesis could be attributed to the discrepancy
in the association of AgNPs with capping ligands.

(A) Sample# 1.2 3 4.5 6 7 8 9 10 (B) Sample# 1 2 3 456 7 89 10

1.

0 min 0 min
30min 30min
1 day 1day

[DTT (oxidized)] (mM) 0 © 22 '7 s o iES [DTT(oxidized)] (mM)0 0 2 2 8 8 15 15

Figure 4. Synthesis of DTTox-Au NCs using 0.4 mM HAuCly and different shapes of 4.8 x 1072 mM
AgNPs. Concentrations of DTTox are indicated on the bottom of each figure. The images of aqueous
solutions of the as-prepared DTTox-Au NCs are shown under UV-box detection. Sample # (numbers)
are indicated above. (A) Odd numbers (3, 5, 7, and 9) indicate that QS-AgNPs were used as the
reductants and even numbers (4, 6, 8, and 10) indicate that T-AgNPs were used as the reductants.
(B) Odd numbers indicate S-AgNPs were used as the reductants and even numbers indicate that
AgNPts were used as the reductants.

It is conceivable that the association of capping ligands with these AgNPs could
play an important role in the synthesis of Au NCs. To evaluate whether GSSG, DTT,
and DTTox can associate with AgNPs, differently shaped AgNPs were mixed with these
capping ligands. The mixtures were detected by UV-Vis spectrophotometry. Figure 5
demonstrates the time course of the UV-Vis spectra after the DTT molecules were mixed
with AgNPs. All of the maximal absorption wavelengths were red-shifted after DTT was
associated with various AgNPs, indicating that aggregates of AgNPs were formed. In
addition, the intensities decreased significantly. To confirm the aggregation of AgNPs, TEM
images (upper panels of Figure 5A,D) of AgNPs interacting with DTT were also taken.
The images show that QS-AgNPs (upper panel of Figure 5A) aggregated slightly after
interacting with DTT, while T-AgNPs (upper panel of Figure 5D) aggregated aggressively
after interacting with DTT. To further understand the kinetics of AgNP aggregation, the
figures were replotted to show red-shift wavelength vs. interaction times. The aggregation
time can be estimated from the new figures (Figure 5E-H). The results show that the extent
of the red-shift wavelengths differs. To investigate the aggregation kinetics of AgNPs in the
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presence of DTT, the red-shift curves of the samples were analyzed. Exponential functions
were employed to fit the curves. The fitting parameters are shown in the panel of each
figure. The calculated aggregation times were 213 min for QS-AgNPs (highlighted in red),
18.4 min for S-AgNPs, 166 min for AgNPts, and 22.1 min for T-AgNPts. The aggregation
time of QS-AgNPs was longer than that of T-AgNPts, consistent with the observations of
the TEM images shown in Figure 5A,D. The aggregation time of S-AgNPs was also much
shorter than that of the QS-AgNPs. After comparing the aggregation time with the results
of Au NC synthesis, it was found that the longer the aggregations time, the better the
Au NC synthesis. These data suggest that the synthesis of Au NCs is dependent on the
aggregation rate of AgNPs after being mixed with capping ligands.
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Figure 5. UV-Vis spectra of the association of AgNPs with DTT (A-D) and re-plots of red-shift
wavelengths versus interaction times (E-H). (A) QS-AgNP colloids, (B) S-AgNP colloids, (C) Ag-
NPts colloids, and (D) T-AgNPts colloids at various interaction times. Time-dependent AgNP
aggregations were shown in (E) QS-AgNP colloids, (F) S-AgNP colloids, (G) AgNPts colloids and
(H) T-AgNPts colloids.

Based on the current data and results shown for the as-prepared Au NCs, it is con-
cluded that QS-AgNPs and AgNPts are the best silver nanoparticles for mediating the
synthesis of Au NCs for all three small molecules as the capping ligands (Table 1). “Good”
or “fair” is classified based on whether the as-prepared Au NCs solution can be loaded onto
the electrophoretic mobility shift assay (EMSA) and detected by the UV-box without further
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concentrating the process. In this study, GSSG molecules could be used as capping ligands
to synthesize GSSG-Au NCs no matter what shape of AgNPs were used for synthesis.

Table 1. Synthesis efficiency of Au NCs using various AgNPs and capping ligands.

Capping Ligands QS-AgNPs T-AgNPts AgNPts S-AgNPs
DTTox good fair good fair
DIT good fair good fair
GSSG good good good good

3.3. Characterization of Gold Nanoclusters

To verify that Au NCs had been successfully synthesized in the presence of AgNPs, the
as-prepared Au NCs were observed under TEM. The TEM images showed that synthesized
particles were approximately 5-6 nm or smaller (Figure 6A-D). The size of the DTT-Au NCs
particles was less than 5 nm when QS-AgNPs or AgNPts were used to mediate the synthesis.
However, the average size of the GSSG-Au NC particles was approximately 5-6 nm. These
results confirm that the presented method can successfully synthesize Au NCs. To confirm
that the images of the particles detected by TEM were not smaller-sized AgNPs, an energy
dispersive X-ray spectrometer (EDS) was employed to analyze the compositions of the
particles. The EDS results for DTT-Au NCs synthesized by QS-AgNPs and GSSG-Au NCs
synthesized by S-AgNPs are shown in Figure 7A,B. The EDS data show that the major
components of the synthesized particles were Au, C, and S in both cases. These results
suggest that Au is from the core of the cluster, and S is from the capping ligands (DTT and
GSSG molecules). No silver elements were detected in these EDS analyses. Therefore, these
data confirm that the particles are indeed DTT-Au NCs and GSSG-Au NCs, respectively.

5.66nm 5.77nm

~ 6.24nm
6.42nm

20 nm 20 nm

Figure 6. TEM image of Au NCs. (A) DTT-Au NCs synthesized by QS-AgNPs. The sizes of the
particles are under 5 nm. (B) DTT-Au NCs synthesized by AgNPts. The sizes of the particles are
under 5 nm. (C) GSSG-Au NCs synthesized by S-AgNPs. Most of the particles are approximately
6 nm in size. (D) GSSG-Au NCs synthesized by T-AgNPts. Most of the particles are approximately
5-6 nm in size.
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Figure 7. Energy dispersive X-ray spectrometer (EDS). (A) EDS analysis of DTT-Au NCs synthe-
sized by QS-AgNPs. (B) EDS analysis of GSSG-Au NCs synthesized by S-AgNPs. In both cases,
the analyzed particles consist of C, S, and Au elements (upper panel in A,B). No Ag elements
were detected.

A previous report suggested that limited ions have to be entrapped in a sequestered
space during the synthesis of nanoclusters [12]. In this study, AgNPs were employed as
a reaction platform, providing surfaces that play dual roles in the synthesis, as reducing
agents and attracting capping ligands on its surfaces to form small spaces to accommodate
limited Au atoms. Figure 8A,C show the TEM images of DTTox-Au NCs, which were
synthesized in the early stage of the synthesis (5 h only). Figure 8A demonstrates that the
newly synthesized DTTox-Au NCs, which were reduced by QS-AgNPs, were arranged
into a round shape, similar to that of the QS-AgNPs. Figure 8C demonstrates that the
newly synthesized DTTox-Au NCs, which were reduced by AgNPts (mixtures of round
and triangular nanoplates), were arranged into circular and triangular shapes, similar
to the outline of AgNPts. These data indicate that Au NCs were indeed synthesized on
the surface of AgNPs. The EDS data show that the major metal elements were Au and
Cu, and very little Ag was detected (Figure 8B,D). These results reveal that the particles
were Au NCs. It has to be noted that hollow spaces without Au NCs in the center can be
observed in Figure 8C, indicating that capping ligands cannot easily reach the center of
triangular or circular AgNPts. On the contrary, DTTox-Au NCs filled in the whole space
when QS-AgNPs were used.

(A)

1]
ull Scale 223 cts Cursor: 0.000 keV]

Figure 8. TEM image of DTTox-Au NCs synthesized for 5 h. (A) DTTox-Au NCs synthesized by
QS-AgNPs. The particles were less than 5 nm in size. (B) The EDS analysis shows very little Ag.
(C) DTTox-Au NCs synthesized by AgNPts. The sizes of the particles are under 5 nm. (D) EDS
analysis.
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To evaluate the properties of these Au NCs, some of the Au NC products were
measured to determine their fluorescent wavelengths of excitation and emission (Table 2).
Fluorescent quantum yields were also calculated (Table 3). As the data revealed, the
synthesized GSSG-Au NCs showed the same emission wavelength at 623 nm, and DTT-
Au NCs emitted the highest fluorescent intensity at 640 nm. These results reveal that the
fluorescent emission wavelength is related to the capping ligands. The fluorescent quantum
yields showed a slight difference, which could have been due to the standard error.

Table 2. Excitation and emission wavelengths of the synthesized Au NCs.

QS-AgNPs AgNPts
Capping Ligands Excited Wavelength Emission Wavelength Excited Wavelength Emission Wavelength
GSSG 354 nm 623 nm 354 nm 623 nm
DTT 354 nm 640 nm 354 nm 643 nm
DTTox 360 nm 676 nm 357 nm 668 nm

Table 3. Quantum yields of the synthesized Au NCs.

Capping Ligands DTT DTT GSSG GSSG GSSG GSSG
AgNPs QS-AgNP AgNPt QS-AgNP T-AgNPt S-AgNP AgNPt
QY (%) 7.2 5.4 6.8 6.3 7.3 7.8

4. Conclusions

We previously reported a facile synthesis method for thiolated Au NCs, mediated
by quasi-spherical AgNPs. It was suggested that QS-AgNPs provide the surface of its
particles and play two important roles in the synthesis of Au NCs. One is to reduce gold
ions, and the other is to create a suitable space with small capping ligands for the synthesis
of clusters. Au ions distributed on the surface of AgNDPs are trapped and reduced by the
AgNPs while the capping ligands are attracted to the surface of the AgNPs, resulting in an
association with the reduced Au atoms. Therefore, it is conceivable that the shape and size
distributions of AgNPs could be critical for the binding of capping ligands and dictate the
successfulness of the synthesis. In this study, AgNPs with four different morphologies (QS-
AgNPs, S-AgNPs, T-AgNPts, and AgNPts) were prepared and used to examine whether
this approach is dependent on the morphology of AgNPs. Based on the data shown, the
results are distinguishable, and QS-AgNPs and AgNPts are the best choices to mediate
the synthesis of Au NCs for all three tested small molecules as the capping ligands. The
TEM images showed that Au NCs are synthesized on the surface of silver nanoparticles
(Figure 8). Differently shaped AgNPs serve as platforms to synthesize Au NCs with small
capping ligands (Figure 9). It was demonstrated that Au NCs were transiently assembled
on the surface of silver nanoparticles in the method. The formation of Au NCs was observed
on the whole surface of the QS-AgNPs if the synthesis of DTTox-Au NCs was mediated by
QS-AgNPs (Figure 9A). In contrast, the formation of Au NCs was only observed on the
edges and corners of AgNPts if the synthesis of DTTox-Au NCs was mediated by AgNPts.
Our data imply that DTT and/or gold ions cannot bind to or reach the center of T-AgNPts
(Figure 9B). The synthesized Au NCs display similar fluorescent properties, including
quantum yields and excitation and emission wavelengths. However, the size distributions
of silver nanoparticles were not discussed in this study, because the synthesis of uniformly
sized AgNPs is beyond our capability.
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Figure 9. Two differently shaped AgNPs serve as a platform to synthesize Au NCs with small
capping ligands. (A) The synthesis of DTTox-Au NCs mediated by QS-AgNPs. The formation of
Au NCs was observed on the whole surface of the QS-AgNPs. (B) The synthesis of DTTox-Au NCs
mediated by AgNPts. The formation of Au NCs was only observed on the edges and corners of the
AgNPts.
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diation to generate AgNPs. The cabinet, containing 24 LEDs with wavelengths of 405 nm (violet
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concentrations of DTT are indicated on the bottom of each figure. The images of aqueous solutions of
the as-prepared DTT-Au NCs were taken during UV-box detection. (A) Odd numbers (1, 3, 5, and
7) indicate that QS-AgNPs were used as the reductants and even numbers (2, 4, 6, and 8) indicate
that T-AgNPs were used as the reductants. (B) Odd numbers indicate S-AgNPs were used as the
reductants and even numbers indicate that AgNPts were used as the reductants.
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Abstract: The outstanding properties of silicon nanoparticles have been extensively investigated
during the last few decades. Experimental evidence and applications of their theoretically predicted
permanent electric dipole moment, however, have only been reported for silicon nanoclusters (SiNCs)
for a size of about one to two nanometers. Here, we have explored the question of whether suitable
plasma conditions could lead to much larger silicon clusters with significantly stronger permanent
electric dipole moments. A pulsed plasma approach was used for SiNC production and surface
deposition. The absorption spectra of the deposited SiNCs were recorded using enhanced dark-
field hyperspectral microscopy and compared to time-dependent DFT calculations. Atomic force
microscopy and transmission electron microscopy observations completed our study, showing that
one-to-two-nanometer SiNCs can, indeed, be used to assemble much larger “superclusters” with a
size of tens of nanometers. These superclusters possess extremely high permanent electric dipole
moments that can be exploited to orient and guide these clusters with external electric fields, opening
the path to the controlled architecture of silicon nanostructures.

Keywords: hydrogenated silicon nanoclusters; permanent electric dipole moment; self-assembled
nanostructures; surface deposition; superclusters

1. Introduction

The existence of hydrogenated silicon nanoclusters (SiNCs) with a permanent elec-
tric dipole moment and size of about one nanometer was theoretically predicted as early
as 2005 [1]. Their outstanding stability has been traced back to extensive electron delocal-
ization caused by the significant over-coordination of one or several of their constituting
silicon atoms [2—4]. Ab initio simulations of the growth dynamics in a plasma reactor
demonstrated the self-organized assembly of such SiNCs [5]. Possible applications were
predicted in the field of photovoltaics and terahertz communication [6,7]. Recently, their
permanent electric dipole moment was directly measured in a plasma reactor to be of the
order of 2.2 Debye, in excellent agreement to prior theoretical predictions. Clusters with this
relatively large dipole moment have consequently been used to reduce the work function
of LaBg cathodes employed, for example, in satellite thrusters. The simple presence of
these SiNCs on a LaBg cathode actually increased the thermionic electron density emission
by a factor of up to 30. To this end, it was necessary, however, to deposit the polar SiNCs
in a well-oriented manner, which was simply accomplished with the application of an
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electric field during their surface deposition on the cathode [8]. Interestingly, Schifer et al.
have very recently confirmed the existence of silicon clusters with a permanent electric
dipole moment by means of electric molecular beam deflection experiments at cryogenic
temperatures for clusters with 30 to 90 atoms [9], following the theoretical work of Jackson
and Jellinek [10]. In this work, Schéfer et al. concluded that the dipole moment per atom is
almost constant, indicating that the dipole moment should increase with cluster size. Our
previous investigations, both theoretical and experimental, concerned quasi-monodisperse
cluster size distributions with cluster sizes between 1 and 2 nm. Therefore, the work by
Schaefer et al. immediately triggered our interest in the permanent electric dipole moments
of much larger silicon clusters.

A silicon nanoparticle with a perfect crystalline structure (i.e., with all atoms being
four-times coordinated) cannot have a permanent electric dipole moment. Therefore, we
must restrict our search for large polar clusters to those that are not perfectly crystalline.
However, it is not trivial to predict whether a cluster of a certain size will be crystalline or
amorphous. There is a general consensus that growing silicon clusters undergo an auto-
organized phase transition from that which is ill-defined to that of a crystalline morphology
at a certain size, but it has not been possible to clarify at which size this transition takes
place. On the one hand, it is well known that amorphous dusty clusters might be as
large as hundreds of micrometers, while on the other hand, clusters as small as 2 nm
have been observed to be crystalline. In this latter work, Kortshagen et al. chose plasma
conditions in such a way that nanocrystal agglomeration was essentially suppressed, and
the crystallization of even the smallest clusters was attributed to unconventional heating
through electron-ion recombination processes [11].

To make sure that our nanoclusters do not have a crystalline structure, we thus adopted
a scheme that is exactly contrary to the one of Kortshagen et al. Specifically, we created
the same plasma environment as the one that already permitted us to produce one-to-two-
nanometer amorphous-like SiNCs with a relatively strong permanent dipole moment [8].
Furthermore, we increased the on-time of our pulsed plasma from about 2 s to 8 s, which
was sufficient time for the tiny SiNCs to agglomerate before the end of the plasma pulse.
We will show that the resulting self-organized “superclusters” are, indeed, non-crystalline,
and possess an unexpectedly large absorption spectrum as well as an extremely strong
permanent electric dipole moment. This allows us to present the first experimental evidence
of electric field-induced assembly formation with silicon superclusters.

2. Materials and Methods
2.1. Cluster Preparation

Since the experimental details have been published elsewhere [8], we will only
concentrate on some major features here. Inside a 0.02 m® vacuum chamber, an RF
(13.56 MHz) CCP discharge was generated (Cesar 133 RF power supply) at low pres-
sure (10 to 15 Pascals) between a grounded and a powered electrode. The circular electrode
surfaces had a diameter of 7 cm and were separated by 4 cm. The shower head shape of
the powered electrode allowed the injection of a gas mixture of silane (2%) diluted in argon
(98%) directly between the electrodes, to produce hydrogenated silicon nanoclusters in a
pulsed discharge. The flow rates of both the SiH4/Ar gas mixture and pure argon were
controlled by mass flow controllers (MFC-Bronkhorst F-201DV, Low-AP-Flow), which were
operated at typical flow rates of 10 sccm and 40 sccm, respectively. To also control the
polar SiNCs in a horizontal direction (i.e., parallel to the substrate) before their deposition,
a second set of vertical electrodes of 25 mm diameter was installed on both sides of the
standard horizontal reactor electrodes.

The particle charging in low-pressure cold plasmas, like the one used in this work, has
been extensively studied (see, for example, Fridman et al. [12]). It has been demonstrated,
for instance, that all silicon particles undergo charge fluctuations in the plasma due to
ion and electron bombardment occurring on their surfaces. For the decharging of dust
nanoparticles in the plasma afterglow, it was shown that some particles keep a residual
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charge that has been evaluated to be 2% of the charge they acquired in the plasma [13,14].
For 3 nm SiNCs, it was proven that they never have more than one elementary charge in
the plasma [12]. This means that all SiNCs considered here are neutral in the afterglow. We
underline that we have already given experimental proof for this conclusion regarding our
specific nanoclusters [8]: After their creation, our SiNCs had to travel a certain distance
before laser detection. Even if they had been charged with only one single elementary
charge, they should have traveled this distance within 9 pus because of the applied electric
DC field. In the experiment, however, the majority of SiNCs only arrived after about
150 ms at the detecting laser beam. This travel time roughly corresponds to the time
imposed by the gas flow. We can, thus, be sure that our SiNCs are neutral in the afterglow.
Consequently, the electric DC field applied in the afterglow only acts on their permanent
electric dipole moment.

As concerns the role of the SINC charge in the plasma for the creation of a dipole
moment, we have used ab initio methods to evaluate the influence of one elementary
charge on their growth mechanism. It turns out that our 1 nm SiNCs only suffer minor
deformations, but acquire a dipole moment that is considerably larger (about 4.0 Debye)
than the one of their neutral counterparts (about 2.3 Debye). Therefore, the temporary
charging of the SiNCs in the plasma actually facilitates the agglomeration for supercluster
formation. We expect this mechanism to be operational until a supercluster size of about
50 nm in diameter. Thereafter, the electrostatic Coulomb repulsion is expected to overcome
the kinetic energy of the colliding SiNCs [15].

We have previously demonstrated that we can totally neglect collisions between
individual SiNCs in the time frame between the end of the plasma pulse and the moment
of their surface deposition [8]. However, during the duration of the plasma on-time, the
SiNCs are trapped in the plasma bulk and their probability of collision increases with the
duration of the discharge. In our previous work, we have shown that a plasma on-time
of 6 s or longer will strongly favor SINC agglomeration. Therefore, we have chosen a
discharge duration of 8 s for the present study. At 50 ms after the end of the discharge pulse,
a DC bias voltage of 120 V or 50 V was applied either to the horizontal electrodes or to the
vertical ones, respectively, to orient and guide the SiNCs in space before their deposition.

2.2. Enhanced Darkfield Hyperspectral Microscopy

CytoViva’s patented enhanced darkfield illumination performs two functions very
differently from standard darkfield microscopes: First, it couples the source illumination
directly to the condenser system, minimizing light loss. Second, it collimates the source
illumination and focuses it precisely onto the condenser annulus. This maximizes the
number of oblique angle photons focused on a very shallow focal plane. As a result,
a significant increase in the signal-to-noise ratio detection capability of the darkfield is
observed (up to 10-fold). In addition, a diffraction grating spectrophotometer is installed
onto a microscope camera mount. It captures the unique reflectance spectra of objects from
the microscope field of view in the wavelength region of about 400 nm to 1700 nm. The
complete spectra for each pixel of the CCD detector are captured. Spectral data are reported
in high resolution (down to 2.0 nm). The development of enhanced darkfield hyperspectral
microscopy provides the ability to identify nanoscale materials in complex environments
in a semi-quantitative manner. Hyperspectral images captured with the CytoViva system
look similar to optical images. However, each pixel of a hyperspectral image contains the
spectral response for the spatial area of that pixel. Using integrated hyperspectral image
analysis software, the unique spectral responses of nanomaterials can be identified and
easily mapped throughout the sample [16].

2.3. Atomic Force Microscopy (AFM)

For the acquisition of the AFM images, a commercial Bruker Dimension Icon in the
PeakForce Tapping (PFT) mode was used. PFT is a Bruker-exclusive mode optimized to
simultaneously achieve high-resolution images and quantitative mechanical measurements
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based on the deflection of the cantilever. During operation, the cantilever is brought in and
out of contact with the surface in a non-resonant cycle, where the PFT algorithms directly
control the instantaneous force interaction. Because the entire cycle is monitored and
recorded, FT provides force spectroscopy information at each pixel. In the feedback mode,
the instantaneous peak force is limited, potentially down to the piconewton level [17].

2.4. TEM, EDX, and Focused lon Beam Analysis

Transmission electron microscopy (TEM), high-angle annular darkfield (HAADF), and
energy-dispersive X-ray (EDX) spectroscopy analyses were performed on a Titan Themis
transmission electron microscope operating at 200 kV equipped with a Cs aberration probe
corrector and a Super X detector that allows chemical analyses of light and heavy elements
with a spatial resolution within the nm range. In this case, a specific specimen focused ion
beam (FIB) lamella preparation was required. Thus, cross-section lamellae were prepared
using a standard lift-out procedure within a FIB dual beam microscope (FIB, FEI-Scios Dual
Beam). For the chemical analyses, we chose, as main elements of interest, silicon (5i) with
the K, = 1.74 KeV ionization edge and oxygen (O) with the K, = 0.523 KeV ionization edge.
Carbon (C) and platinum (Pt) protective layers were deposited on top of the sample prior
to the FIB milling process to prevent possible gallium (Ga) ion implantation during the
milling process.

2.5. First Principles Calculations

In our previous works, we have demonstrated the reliability of the B3LYP functional
combined with Grimme’s DFT-D2 dispersion correction scheme for our SiNCs in com-
parison to MP2 calculations [3,6] and experimental measurements [8]. Therefore, both
structural optimizations and time-dependent density functional theory (TD-DFT) calcu-
lations were accomplished at a B3LYP + DFT-D2 level of theory using Gaussian G16 [18].
After all structural optimizations, frequency analyses were performed to assure that the op-
timized geometries really corresponded to minima on the corresponding potential energy
surfaces. For the TD-DFT calculations, we always calculated 600 excited states leading to
the shown absorption spectra. Since all computational details have already been published
elsewhere [19], we only focus on some specifications here: To treat the relatively large clus-
ter aggregates on the same level of theory as the individual clusters, we limited ourselves
to the 6-31G(d,p) basis set, including dispersive interactions, as described by Grimme’s
DFT-D2 method [20]. We underline that this approach led to a perfect agreement between
the dipole moment for one SiNC, calculated here to be 2.28 Debye, and one previously
measured to be 2.25 £ 0.25 Debye [8]. Nevertheless, we tested a possible influence of
diffuse functions and a more recent Grimme correction scheme, but no major changes could
be observed. For an individual SiNC, for instance, the inclusion of diffuse functions for
both Si and H atoms only slightly decreases the dipole moment by 0.14 Debye. Replacing
Grimme’s DFT-D2 method by his DFT-D3 method essentially gives the same results for the
dipole moments within 1%, and reduces the total energy by less than 0.001%.

UV-Visible spectra are plotted as molar absorption coefficient (¢€) vs. wavelength (A).
We have assumed that all absorption peaks possess a Gaussian band shape. The overall
spectrum, €(v), as a function of the excitation energy, v, then comes from the sum of all the
individual bands, e(v;):

elv) = Ié (B X g X exp l— (T)j) 1)

where i runs from the first to the nth electronic excitation. In the present work, we have calcu-
lated the first 600 transitions for each absorption curve and assumed a value of 0.4 eV for the stan-
dard deviation ¢-. The constant B has a value of 1.3062974 x 10® x L x eV x mol~! x em~1.
The (dimensionless) oscillator strength is f; corresponding to the ith electronic excitation of
interest with an excitation energy v;.
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3. Results

In our search for larger SiNCs with a permanent dipole moment, we started out with
essentially the same experimental conditions as in our last work, but we increased the
plasma on-time from 2 s to 8 s, which significantly favors the agglomeration of small
one-to-two-nanometer SiNCs [8]. This agglomeration takes place under the influence of
the ambipolar electric field naturally present in the plasma discharge [12]. This electric
field assures that the orientation of the small polar SiNCs is the same as that of the growing
supercluster during their agglomeration.

3.1. Bare-Eye Observation

For our first deposition, we used simple Corning glass substrates with sizes of approx-
imately 50 mm x 50 mm. We deposited our plasma-born SiNCs during two succeeding
runs with two orthogonal electric field directions. We achieved this by using our above-
mentioned two sets of electrodes, under otherwise identical deposition conditions. We
used different times of deposition to control the layer thickness. Using ellipsometry, we
determined that the deposited layer thicknesses of the samples shown in Figure 1 were
about 50 nm, which excludes optical interference effects, in order to explain the difference
in colors.

Instead, we propose that the deposition of SiNCs with two different, orthogonal dipole
directions leads to thin films with different optical properties. To explore this hypothesis,
we then employed a state-of-the-art procedure to measure the absorption spectra resulting
from horizontally and vertically oriented SiNCs.

\

Figure 1. Photo taken after the deposition of two samples obtained with two orthogonal bias voltages
(left side, horizontal E-field; right side, vertical E-field) with otherwise identical plasma conditions.
Looking at the reflection of the room illumination, we can clearly distinguish two different colors.

3.2. Hyperspectral Darkfield Absorption Measurements

For these measurements, we deposited our SiNCs onto 100 pm thick microscope
glass slides (50 mm x 15 mm). To perform the planned enhanced darkfield hyperspectral
microscopy measurements, we had to send our samples to Auburn, AL, USA. To protect
our samples against possible oxidation during transport, we added a transparent 15 nm
thick Teflon-like layer to cover them in situ using octafluorocyclobutane (C4Fg) plasma
directly after the SINC deposition, before venting the reactor to the atmosphere. On site,
our samples were then prepared by adding a drop of immersion oil onto a slide and
placing the glass with the SiNCs directly on top. Hyperspectral images were acquired with
transmitted enhanced darkfield illumination at 40 x magnification. Data were recorded in
the VNIR (400-1000 nm) range.

As can be seen in the hyperspectral images in the two top panels of Figure 2, there is a
remarkable difference in the observed density of SiNCs for the two electric field orientations.
This difference, however, has already been predicted based on the inhomogeneity of the
applied electric fields in our setup. In fact, we have previously shown that the vertical
electric field between our two horizontal electrodes does not only provide a torque that
orients the molecular dipole moments, but that it also exerts a force on the polar clusters
to displace them because of its inhomogeneity. It actually turns out that this field “steers”
a considerable fraction of our SiNCs toward a “magic ring” that has a diameter of about
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6 cm [8]. Our samples, however, were placed in the very center of the cathode during
depositions, explaining the relatively low SiNC density for the vertical E-field polarization.
This striking difference in SiNC density for the two orthogonal E-fields already manifests
convincing evidence that SINCs produced under the present plasma conditions possess a
significant permanent electric dipole moment—plasma conditions that are prone to lead to
significantly larger agglomerated SiNCs than those in previous works [8,9].

Despite the relatively small number of SiNCs appearing for vertical polarization, there
were enough of such clusters to pursue our optical absorption measurements. We have
actually been able to perform two distinctively different nanocluster analyses: one for
relatively small SiNCs (see inset of Figure 2) and one for relatively large SiNCs (see main
bottom panel of Figure 2). Note, that we will address the question of absolute cluster size
in Section 5. While the absorption spectra recorded for the small SiNCs are reasonably
comparable for both E-field polarizations, there is an unexpectedly important difference
for the large ones: the vertical E-field (V) leads to a much broader absorption spectrum,
and the maximum absorption wavelength is shifted across the entire visible wavelength
region by more than 200 nm relative to the one corresponding to the horizontal field (H). To
assure that the H sample does not exhibit peaks as broad as those of the V sample, a Peak
Location Classifier algorithm [21] was run to find any particles with peaks of 700 & 100 nm,
but none were found. It appears as though H may have activity in the UV region, whereas
V is fairly active throughout the entire visible region until the near-infrared region.

To address the question of how SiNCs deposited with a vertical E-field can have such a
broad absorption profile, and specifically, how they can so efficiently absorb light in the red
and even in the near-infrared spectral region, we realized a series of ab initio simulations.
As we have seen in Figure 2, the absorption spectra not only show a crucial dependence
toward the applied E-field direction, but also on the size of the deposited SiNCs. Therefore,
we calculated the absorption spectra for SiINCs with four different sizes. To this end, we
placed between two to four SiNCs in close proximity and optimized the geometries of
the resulting ensembles by minimizing their energy. In all three cases, the lowest-energy
structures showed one covalent bond between neighbor clusters. With time-dependent
density functional theory (TD-DFT), we then calculated the first 600 transitions for each
aggregate, and determined the corresponding molar absorption coefficient € as a function
of wavelength, as described in detail above. The results are shown in the main panel of
Figure 3.

As expected, the overall absorption capacity increases with the number of aggregated
SiNCs. It appears that the spectra are composed of two components: one that is dominant
in the UV region and one that shifts toward longer wavelengths and increases its relative
importance as the aggregate size becomes larger. It is obvious, however, that we need
much larger aggregates to reproduce the experimentally observed intensity ratio between
these two components, as displayed in Figure 2 for the vertical E-field. To obtain at least an
order of magnitude estimate of how large such an aggregate should be, we have traced,
in the upper inset of Figure 3, the intensity ratio as calculated at the wavelengths roughly
corresponding to the two experimental absorption maxima. Unfortunately, we have too
few points for a reliable extrapolation. As a highly conservative estimate, we first calcu-
lated a linear regression curve, which suggests that we need at least 12 SiNCs (i.e., about
228 silicon atoms) to come to the experimentally observed ratio of about 0.92. However,
a logarithmic regression on the same four points (see the cyan line) shows a much better
fit, and suggests a minimum aggregate size of about 2400 SiNCs (i.e., 46,000 silicon atoms).
While the latter fit agrees much more with our four data points, we can only qualitatively
conclude at this point that we need much larger aggregates than those accessible for our
present ab initio calculations to explain the measured absorption curve for the vertical
polarization. In Section 5, we will actually measure the aggregate size that is necessary for
the observed spectra, and will compare it to the present estimates.

33



Nanomaterials 2023, 13, 2169

Q) Sample H: Horizontal applied electric field b) Sample V: Vertical applied electric field
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Figure 2. Darkfield hyperspectral imaging of dipole-oriented SiNCs deposited onto a glass substrate
exhibiting unique spectral profiles. Top panels (a,b): hyperspectral images (taken at 40x magnifica-
tion) of SiNCs deposited with a horizontal electric field (a) and a vertical electric field (b) applied
during their deposition; six representative “regions of interest” (ROIs) are drawn around the chosen
SiNCs (yellow circles). Middle panels (c,d): the selected SiNCs are shown at a higher magnification.
Bottom panel (e,f): optical spectra measured from the ROIs defined above and averaged for mean
comparison for both samples. Inset (f): normalized absorption spectra measured for the smallest
observed SiNCs. Main panel (e): normalized absorption spectra measured for the largest SiNCs.

In the lower inset of Figure 3, we have displayed the permanent dipole moment
calculated for the four investigated structures. As recently suggested [9], we also found
a nearly linear increase in the dipole moment with aggregate size (i.e., number of silicon
atoms). Different to reference [9], however, we are not here dealing with pure silicon
clusters, but with hydrogenated silicon clusters; i.e., instead of having a dipole moment of
about 0.02 Debye/Si atom, typical of pure silicon clusters, we report ~0.08 Debye/Si atom.
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In the present calculations, we always had one covalent bond between all clusters. As we
will see below, this dipole moment per silicon atom will become even more important for
SiNCs that are held together only by non-covalent bonds.
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Figure 3. Theoretical molar absorption coefficient € as a function of wavelength for clusters self-
assembled from one to four of the most stable, presently known, individual 1 nm SiNCs (see
text). Upper inset: absorption intensity ratio at the wavelengths roughly corresponding to the
experimentally observed absorption maxima as a function of cluster size; the cyan curve corresponds
to a logarithmic regression. Lower inset: calculated permanent electric dipole moments as a function
of cluster size.

3.3. Atomic Force Microscopy Observation

After having explored some of the optical properties that depend on the orientation
of the permanent electric dipole moments of our deposited SiNCs, we investigated how
this E-field programmable SiNC orientation can influence the mechanical properties of a
substrate. In Figure 4, we show the AFM images resulting from two subsequent depositions
of our SiNCs on intrinsic silicon substrates with two orthogonal E-fields applied during
depositions with otherwise identical plasma conditions.

While the average peak height for the horizontal E-field polarization is obviously
much lower than for the vertical one, some higher peaks do appear at the right edge of
the sample. We tentatively attribute the appearance of these peaks to the breakdown of
the homogeneity of the horizontal E-field. Nevertheless, even including these relatively
high edge peaks, the sample deposited with V-polarization exhibits vertical structures
that are, on the average, six times higher than the structures of the sample deposited
with H-polarization.

As we have previously shown, the inhomogeneity becomes strongest at the edges of
the electrodes [8]. For the horizontal polarization, this effect becomes further amplified
by the fact that the electrodes are much smaller and further apart than for the vertical
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polarization. In addition, for the V-polarization, SiNCs that start their journey in the
very center of the electrode will experience a perfectly homogeneous E-field until their
surface deposition. For the H-polarization, however, the same SiNCs must cross the most
inhomogeneous part of the H-field twice on their way to the substrate, potentially causing
some misalignment among them. Therefore, the H-polarization cannot align the dipole
moments as precisely as the vertical one can, in our present setup. As a result, the steering
and orienting capacity are less efficient for the H-polarization, leading to smaller ensembles
and no apparent horizontal structures lying on the substrate within the limited lateral
resolution power of the AFM. As a consequence, these much smaller structures cannot
efficiently absorb in the red region, as we can see in Figure 2.
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Figure 4. Top panels (a,b): three-dimensional representation of two AFM scans of two typical
samples deposited with two orthogonal polarizations of the DC bias during deposition with otherwise
identical plasma conditions. Lower panels (c,d): profile scans of above samples in two randomly

chosen directions. Note that the overall roughness is about six times higher for the vertically than for
the horizontally applied electric field deposition.

3.4. TEM, STEM-HAADEF, and EDX QObservations

Finally, we address the question of how large the deposited clusters are, which shape
they possess, and whether they are oxidized or not. To this end, we simultaneously
deposited our SiNCs onto an ITO substrate and a TEM grid (“holey” carbon Cu 300 mesh).
To visualize the SiNCs deposited onto the ITO substrate, we first tried to “scratch” off some
material with a scalpel for the TEM analysis. However, we did not succeed in doing so
because the deposited layer was too resistant. Therefore, we employed the focused ion beam
(FIB) technique, as described above. In Figure 5, we can distinguish an impressive quantity
of SiNCs ranging in size from about 4 nm to 20 nm, with an average size of about 14 nm.
There seem to be some even larger clusters, but careful inspection suggests that they are the
result of agglomeration of smaller ones. Note that a spherical cluster with a 14 nm diameter
could result from the agglomeration of about 2700 SiNCs, each ~1 nm in diameter. This
estimate agrees surprisingly well with our logarithmic regression, shown in the upper inset
of Figure 3, that suggests an aggregate size of 2400 SiNCs. A qualitative EDX analysis of the
same sample suggests that the level of silicon cluster oxidation is reasonably marginal, and
seems to be limited to the outer surface of the aggregates. Performing electron diffraction,
we did not observe any diffraction spots or rings underlining the non-crystalline structure
of our superclusters.
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Figure 5. Top panel (a): STEM-HAADF image of SiNCs deposited onto an indium tin oxide (ITO)
substrate together with an approximate diameter estimate. On top of the image, the carbon and
platinum protective layers can be seen. Middle panel (b,c): STEM-HAADF images of the same
silicon clusters and their corresponding EDX mapping with silicon (blue), oxygen (green), and tin
(yellow). Bottom panel (d-f): the elemental EDX maps for the selected elements.

In Figure 6, we present a high-resolution image of a 20 nm SiNC deposited onto a
TEM grid resulting from the same deposition run. Its shape appears rather spherical, and it
seems that it is, indeed, composed of many smaller SiNCs.

Figure 7 shows the results of an ab initio simulation conducted in order to have a rough
idea of what a cluster composed of several individual SiNCs looks like, and which kind of
dipole moment we could expect. To this end, we placed 12 SiNCs in close proximity and let
the electronic structure program optimize the ensemble to obtain a supercluster. The SiNCs
we used in the present simulations were not fully passivated [22] which, fortunately, seems
to describe our experimental SiNCs rather well. In the present case, two covalent bonds
formed between three neighboring SiNCs during the structural optimization process, as we
had already seen in our four-SiNC study described above. Nevertheless, there are still nine
individual SiNCs that remain strongly bonded to the supercluster by only non-covalent
bonds. Despite the two covalent bonds, the shown supercluster possesses a permanent
electric dipole moment of 34.6 Debye. This roughly corresponds to 0.150 Debye per silicon
atom, which is more than we found above for the four SiNCs, simply because covalent
bonds were formed between all four SiNCs. Actually, this dipole moment per silicon atom
turned out to be higher than for an individual SiNC (i.e., 0.118 Debye per silicon atom),
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attributable to induced dipole moments that have to be added to the initial permanent
electric dipole moment. We can thus confirm the suggested quasi-linear dependence of the
dipole moment value on the number of silicon atoms at least up to 228 atoms.

Figure 6. High-resolution TEM image of a typical nearly spherical silicon supercluster deposited
onto a TEM grid.

Figure 7. Ab initio simulation of a supercluster composed of 12 SiNCs with only two covalent bonds
between all individual SiNCs, resulting in a theoretical dipole moment of 35 Debye.

4. Discussion

Molecular entities with giant permanent electric dipole moments have an uneven
distribution of electric charge, which gives them unique properties. For example, they tend
to have high polarity, which makes them useful in solvents, as they can dissolve polar
substances. They can also be used as building blocks for materials with specific properties,
such as high dielectric constants, which are important in electronic devices. In addition,
entities with large dipole moments can have important implications for biochemistry, as
they can interact with biological molecules such as proteins and nucleic acids, affecting
their structure and function. Other potential applications include material work function
tailoring, nonlinear optics, ferroelectrics, and organic photovoltaics.

The search for molecules with giant permanent dipole moments is, consequently, a
very active field of research. Recently, 5,6-diaminobenzene-1,2,3,4-tetracarbonitrile was
unveiled because, with a dipole moment of 14 Debye, it has the highest known dipole
moment of any neutral molecule [23]. A yet higher dipole moment was shown by a rather
exotic species: a trilobite Rydberg dimer, a highly excited type of two-atom molecule Cs;
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with its atoms 100 nm apart; it was found to have a dipole moment of thousands of Debye,
albeit under a high vacuum at just 40 uK [24].

In the present work, we used plasma conditions that are reasonably comparable to our
previous work, in which we slowed down the reaction dynamics in a plasma reactor in such
a way that polar SiNCs, with sizes of roughly one to two nanometers and permanent dipole
moments of about 2.25 Debye, were formed [8]. In contrast to our previous work, however,
we lengthened the duration of the plasma discharge here from 2 s to 8 s, which allows the
rather-well-passivated 1-2 nm SiNCs to agglomerate. As a result, we are working here
with aggregates that have sizes of roughly 20 nm.

During the supercluster growth by agglomeration, the ambipolar electric field plays
a crucial role. In general, this field points from the center of the plasma to the electrodes
or the walls. Specifically, the field points toward the upper electrode for the upper half
of the plasma and toward the bottom electrode for the lower half. However, wherever
the growing supercluster “picks up” another tiny polar SiNC, the ambipolar electric field
naturally occurring in the discharge [12] assures that the two dipole moments of the
two agglomerating entities possess the same orientation, causing the permanent electric
dipole moment of the supercluster to increase with each newly attached SiNC. After the
plasma is switched off, the ambipolar field disappears immediately and the strongly polar
supercluster is oriented (and guided) by the then switched-on applied DC bias, either
between the set of vertical or horizontal electrodes.

In this sense, we define a “supercluster” as a nanoscale entity that has been constructed
by the agglomeration of one-to-two-nanometer polar silicon clusters with their permanent
dipole moments directed in the same direction due to the ambipolar electric field of the
plasma discharge during its creation. The precise plasma conditions determine to which
degree the small SiNC building blocks are passivated with hydrogen atoms. Perfectly
passivated SiNCs will lead to the highest possible permanent dipole moment for the
resulting supercluster, while non-passivated silicon atoms might form covalent bonds
between the small building blocks, increasing the overall stability of the ensemble. We
underline, however, the importance of non-covalent forces between our SiNCs. For the
above example of 12 SiNCs, the binding energy resulting for perfectly passivated SiNCs
(i.e., without any inter-cluster covalent bonds) can readily be calculated to be approximately
6.78 eV. This means that (even for the ultimate case of absolutely no covalent bonds between
the individual building blocks) the proposed superclusters are expected to remain stable
even at very high temperatures because of the strong dipole-dipole interaction between all
SiNCs due to their very close proximity.

Based on the measured absorption spectra shown in Figure 2, we can readily under-
stand the colors observed in Figure 1. For the horizontal polarization, the absorption peak
appears around 480 nm, which leads to a complementary orange/red color for the reflected
light. For the vertical polarization, however, the main absorption peak is located around
700 nm, which leads to a reflection in the green [25].

There is a very important conclusion we can draw from the measured absorption
spectra shown in Figure 2. Comparing the field dependence of absorption for the smallest
and the largest SiNCs, it is obvious that the absorption spectra of large SiNCs depend much
more strongly on the E-field polarization than those of smaller ones. Consequently, we can
qualitatively conclude that larger SiNCs have stronger dipole moments than smaller ones.
This, however, can only be true if our large clusters do not possess a crystalline structure.
Straightforward experimental evidence for this conclusion is given by the absence of any
diffraction spots or rings during our TEM analysis. The non-crystalline nature, even for
our largest clusters, can become possible if they are assembled from non-crystalline 1-2 nm
SiNCs, such as those of our previous study [8]. The cauliflower-like structure of a 20 nm
supercluster, as shown in our TEM image in Figure 6, supports such a hypothesis.

For the absorption spectra shown in Figure 2, we observed the appearance of a
second spectral component that increases its importance and progressively shifts toward
the infrared region as the number of agglomerated SiNCs increases. As we point out
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elsewhere, we must remember that delocalized electrons are less tightly bonded to their
chemical structures than localized ones. Therefore, it is well known that the absorption
spectra of chemical compounds shift to longer wavelengths as their degree of aromaticity
increases [6,25], indicating that the degree of electron delocalization might increase with
the size of the supercluster. Such an increase, however, could, in principle, decrease the
expected permanent dipole moment because the electron density becomes more evenly
distributed throughout the cluster, resulting in a more balanced distribution of charge and
a smaller overall dipole moment. In our present case, however, we believe that this effect
is relatively negligible because the position of the maximum absorption, corresponding
to this spectral component, appears at about 700 nm for both the four-SiNC ensemble (as
calculated in Figure 3) and for a supercluster of about 2400 SiNCs (as measured for the
vertical polarization in Figure 2).

From the TEM images in Figure 5, we can estimate that the average aggregate size is
about 14 nm (i.e., there are roughly 51,000 silicon atoms or the equivalent of 2700 SiNCs
1 nm in size). This observation agrees remarkably well with our estimate of 2400 SiNCs
based on the logarithmic regression shown in the upper inset of Figure 3. We point out
that the samples analyzed in Figure 5 were exposed to ambient air after their deposition
for 6 years prior to the shown measurements. Individual one-to-two-nanometer SiNCs
deposited at the same time, also exposed to air, totally disappeared due to oxidation in
the same time interval. This observation can clearly be understood by the fact that 1-2 nm
clusters do not have any volume, and nearly all silicon atoms are located on the surface
of the cluster (i.e., once these surface atoms are oxidized, there is no silicon cluster left).
For the 20 nm superclusters, however, we have shown that the oxidation apparently only
took place on the outer surfaces, leaving the majority of the inner 1-2 nm aggregated and
aligned SiNCs intact. We can safely assume that this surface oxidation corresponds to the
well-known formation of a native oxide layer with a typical thickness of about 2 nm. It is
this oxide layer that protects the inner 1-2 nm SiNCs, which should largely conserve their
individual properties if they are sufficiently well passivated.

5. Conclusions

To date, there have only been two experimental reports confirming the theoretically
predicted permanent electric dipole moments of small silicon clusters [8,9]. While the
technique of laser evaporation is very powerful [9], we tentatively believe that our pulsed
plasma approach could be more efficient in creating clusters with large dipole moments;
this is because the naturally present ambipolar electric field in the plasma aligns the dipole
moments of the small SiNCs during agglomeration. Wherever the growing supercluster
“picks up” another small SiNC in the plasma, the naturally occurring ambipolar electric
field assures that the two dipole moments possess the same orientation. This causes the
permanent electric dipole moment of the supercluster to increase with each newly attached
SiNC. For the laser evaporation technique, however, there seems to be a risk that the
randomly oriented electric dipole moments created between under- and over-coordinated
silicon atoms might cancel each other out once a certain cluster size is exceeded because of
the absence of any atomic alignment of the randomly oriented dipole moments.

With our method, it is the ambipolar electric field in the plasma discharge that aligns
the dipole moments and enables the creation of superclusters with giant permanent electric
dipole moments, as we have seen in Figure 2. Thereafter, it is the electric field that we
only switch on after the supercluster creation (i.e., when the pulsed plasma discharge is
switched off) that orients the supercluster on its way to the substrate. In the future, more
homogeneous electric fields will help us to align the permanent dipole moments of the
superclusters even more precisely before surface deposition to assure that they are arriving
perpendicularly or at a well-defined angle to the substrate. With more sophisticated control
of the inhomogeneities of the employed electric fields during deposition, one can realize the
building of ingenious nanostructures in the future based on the here-demonstrated electric
field-induced assembly formation. In this sense, the externally applied electric fields will
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assure the nano-architecture on a sub-micrometer scale, while the inherent dipole—dipole
interaction between the superclusters assures the building block alignment on an atomic
scale. The precise sizes of our supercluster building blocks are readily controlled by the
duration of the plasma discharge, while the dimensions of our assembled nanostructures
are controlled by the duration of the surface deposition.

At this point, however, the dipole moments of our superclusters remain to be mea-
sured, as we have only presented qualitative experimental evidence that the dipole mo-
ments of the superclusters should be significantly higher than the ones of individual SiNCs,
which have previously been measured to be 2.25 Debye. This experimental challenge, how-
ever, should be motivated by our present computational prediction that a small supercluster
of only 12 SiNCs should already have a dipole moment of 35 Debye. The experimental
feasibility of such superclusters with PECVD plasma is straightforward, as can be seen in
Figures 5 and 6. Their dipole moments before surface deposition can either be measured
by analyzing their trajectories in electric fields [8] or with time-of-flight techniques [9].
After their surface deposition, scanning tunneling microscopy (STM) can, for instance, be
used to measure their dipole moments by analyzing the changes in the tunneling current
as the tip is moved over the cluster. There is no theoretical reason why the addition of
dipole moments should saturate above a certain value. However, if the dipole moments
of individual SiNCs continue to add up, then the experimentally observed 14 nm clusters
would be expected to have dipole moments greater than 6000 Debye, which would even
eclipse the present world record of the exotic cesium dimer excited to a Rydberg state in
a vacuum at 40 pK [24]. It all depends on which length scale the atomic-scale alignment
precision of the electric dipole moments can be preserved, which would open an exciting
path to more in-depth studies of our demonstrated proof of concept. Ultimately, the giant
permanent electric dipole moments of our silicon superclusters can be exploited in many
practical applications, for instance, as a new ferroelectric material, in nonlinear optics, or
even for certain catalytic reactions.

We conclude with an extension inspired by our present work: It is well known that
hydrogenated amorphous silicon (a-Si:H) grown in a plasma-enhanced chemical vapor
deposition (PECVD) reactor can contain over-coordinated and under-coordinated silicon
atoms, which contribute to the disorder and structural heterogeneity of the material. Similar
to the small silicon clusters created by Schifer et al. [9], we propose that dipole moments
are created between these over- and under-coordinated silicon atoms. However, due to
the random nature of amorphous silicon, these randomly oriented dipole moments cancel
each other out over a sufficiently large piece of material. Therefore, we highlight the need
to explore the possible creation of a well-oriented permanent electric dipole moment for
an amorphous silicon film, grown under the influence of an homogeneous DC electric
field. Once again, in this instance, the possible success depends on how well the individual
dipole moments can be aligned with atomic precision.
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Abstract: Magnesium doped Amorphous Calcium Carbonate was synthesised from precursor solu-
tions containing varying amounts of calcium, magnesium, H,O and D,0O. The Mg/Ca ratio in the
resultant Amorphous Calcium Carbonate was found to vary linearly with the Mg/Ca ratio in the
precursor solution. All samples crystallised as aragonite. No Mg was found in the final aragonite
crystals. Changes in the Mg to Ca ratio were found to only marginally effect nucleation rates but
strongly effect crystal growth rates. These results are consistent with a dissolution-reprecipitation
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Keywords: neutron scattering; X-ray diffraction; Small Angle Neutron Scattering; Laser-Ablation
Inductively Coupled Plasma Mass Spectrometry; themo gravimetric analysis; NOMAD; QUOKKA;
ACC; aragonite; Mg/Ca

1. Introduction

Amorphous calcium carbonate (ACC) plays a key role in the early stages of biominer-
alisation as a precursor to crystalline calcium carbonate phases (e.g., [1]) and is a model
system in the development of biomimetic materials. Many organisms take advantage of
the mouldable character of ACC in the formation of their intricate shells and skeletons.
ACC also seems to lower the activation energy for nucleation of subsequent crystalline
carbonates due to lower surface energies [2] enabling an ambient temperature non-classical
crystallisation pathway [3]. It is known that ACC is polyamorphous with different water
content, local order and mode of formation [4,5], and it was recently shown that ACC is best
described as a nano-fluid [6]. Understanding the mechanism by which these nanoparticles
self-assemble is essential if we are to understand the effect of climate change on marine life
and how well we are presently using the fossil record to constrain climate change models.

In the laboratory ACC converts to the crystalline carbonate phases in a matter of
minutes although, depending on the aqueous fluid composition and any additives [7],
its stability can be increased allowing ACC to be preserved for weeks to years [8,9]. The
additives most commonly used in the laboratory to prolong ACC lifetime are organic
macromolecules, such as polyacrylic acid [10,11] and magnesium [11-14]. In natural
biominerals, in addition to Mg, a large range of organic macromolecules can exert a
stabilising effect on ACC, which can extend the stability of ACC almost indefinitely [15].
Mg-ACC usually transforms into calcite at low Mg content [16-19], but at high Mg content
transforms into aragonite [17,18].
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Non-classical nucleation and growth models often provide a better description of
biomineralization kinetic data than classical crystallisation models [3]. In this context, two
models have been used to describe the transformation mechanism from ACC to aragonite or
calcite in non-classical crystallisation: a solid-state transformation, where ACC dehydrates
and crystallises into a calcium carbonate polymorph directly in the solid phase [1,20]; or a
dissolution-reprecipitation process [20-22], where ACC dissolves and crystalline calcium
carbonate precipitates from this solution. In the laboratory, ACC usually transforms
via dissolution precipitation which is typically associated with significant morphological
changes to the texture of the solid phase [20,23,24]. In vivo, preservation of intricate
hierarchical structural details [25] during stepwise crystallisation seems to contradict the
findings in the laboratory, but supports either solid-state transformation, or very localised
dissolution-reprecipitation processes or perhaps a combination of both [23,26].

To try to distinguish between these two models, we measured the rate of formation
of crystalline aragonite from ACC in the laboratory for a range of Mg/Ca ratio and H,O/
D,0O compositions.

2. Methodology
2.1. Sample Preparation

A set of ACC samples with a range of Mg/Ca ratios and water contents were syn-
thesised with Mg/Ca ratios expected to give measurable formation and crystallisation
rates. A commonly used synthesis procedure was followed [27] and modified with or
without an additional freeze-drying step to allow variation of water content. Stock 0.02
M solutions of NayCOs and 0.02 M solutions made by dissolving various mixtures of
solid CaCl, and MgCl, in water or heavy water to give solutions with a range of Mg/Ca
content, were prepared and stored at 4 °C. About 100 mL of both the stock Na,CO3 and
CaCl, /MgCl, solutions were then quickly mixed together in a 250 mL bottle held at 4C
while stirring using with a magnetic stirrer. Almost instantly the solutions were mixed
a white precipitate formed. The white precipitate was filtered and washed with acetone
and then either stored under nitrogen at room temperature or freeze-dried for one hour
before being stored under nitrogen at room temperature. Stock solutions were prepared
using H,O, DO and mixtures of HyO and D,0O as the solvent in order to vary the solvent
chemistry and probe the effect of solvent on sample structure, stability, and crystallisation
products.

2.2. Analysis Techniques

Each ACC sample synthesised was characterised using Thermal Gravimetric Analysis
(TGA), to determine the amount of water present, Laser-Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICPMS), to determine the Mg/Ca ratio, Neutron scattering
to confirm the LA-ICPMS measurements, and X-ray diffraction (XRD) to confirm that there
were no crystalline phases present in the sample. Each of the carbonates crystallised from
our ACC samples were characterised using Raman Spectrometry and powder X-ray Diffrac-
tion to determine which calcium carbonate polymorph was present, Scanning Electron
Microscopy to provide visual evidence of sample composition, and a second powder X-ray
diffraction measurement incorporating an internal standard to provide accurate crystalline
phase lattice parameters. Finally, time resolved Small Angle Neutron Scattering (SANS)
was used to measure the rate of formation of ACC from solution, and time resolved powder
X-ray diffraction was used to determine the rate of formation of crystalline carbonate
phases upon transformation of the ACC samples.

The TGA measurements utilised a TA Instruments TGA 2050. The sample temperature
was increased from 20 °C to 800 °C, at a rate of 10 °C/min in a N, atmosphere while
measuring the weight of the sample. For the LA-ICPMS we used a Photon Machines G2
Excimer laser system (wavelength 193 nm) coupled with an Agilent 7700 quadrupole ICP-
MS. ACC samples were dried at 100 °C for 36 h, pressed into pellets and measured with
laser spot size of 50 um and pulse rates of 5 Hz (energy density 5.42 ] /cm?). Backgrounds
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were measured for 30 s followed by 40 s of sample ablation. NIST SRM (US National
Institute of Standard and Technology Standard Reference Material) 610 glass was used as
the external standard with **Ca as the internal standard. The mg for NIST SRM 610 reported
in the Geo- ReM database was used as the “true” concentration in this reference glass [28].
Neutron scattering data were collected using the NOMAD instrument at the Spallation
Neutron Source, Oak Ridge National Laboratory, USA. Samples synthesized using 100%
D, 0 to reduce background noise from inelastic scattering of neutrons from protons, were
loaded into 5 mm diameter quartz capillary tubes inside a glove box under a nitrogen
atmosphere, sealed and quickly transported to the instrument. Scattering data were
collected in 30 min frames at room temperature in an argon atmosphere for a total of 1.5
h. The standard instrument data reduction software was used to normalize the data and
for background subtraction. XRD patterns were collected using a PANalytical Expert Pro
MPD (Multi-Purpose Diffractometer) with a Copper tube (45 kV, 40 mA), Soller slits (0.04
rad.) and fixed incident beam mask (15 mm). The instrument zero point was calibrated
using the NIST 640c Si standard. The samples were placed on zero background sample
holders, and the wavelength used was CuK« (A = 1.54 A). For the accurate lattice parameter
measurements appropriate amounts of the NIST, Silicon Powder, Standard Reference
Material® 640c was mixed with each sample to increase the accuracy of the measurement.
Unit cell parameters were then determined using the Profex software package [29]. Series
of powder XRD patterns were also collected from ACC samples using the same system at
ambient temperature while they transformed into crystalline carbonate phases. Diffraction
patterns were collected over the 10° to 50° 26 range every 30 min for 24 to 48 h for a range
of initial conditions. Peak intensities were determined from these spectra as a function
of time and converted into a measure of the degree of reaction for subsequent analysis.
Raman spectra were collected using a Horiba LABRAM HR Evolution confocal laser Raman
spectrometer. The spectrometer used a red excitation laser (A = 633 nm) and a 1800 gr/mm
grating. Before collecting data from each sample, the spectrometer was calibrated using the
Rayleigh line and a Si-wafer with a sharp peak at 520 cm~!. A JEOL JSM- 6480 LA Scanning
Electron Microscope (SEM) was used to obtain SEM micrographs from gold coated samples.
SANS data were collected using the QUOKKA instrument [30] at the Australian Centre
for Neutron Scattering, Australian Nuclear Science and Technology Organisation, Lucas
Heights, Australia. Samples were placed in quartz Hellma cells mounted in a thermally
controlled sample changer. The neutron path length through the sample was 2 mm and
the cell volume 600 pL. For each measurement, the solutions made from Na,CO3, CaCl,
and MgCl, were mixed in the cells minimising any lag between mixing and the start of
data collection. All solutions were made with only D,O, because samples with H,O were
found to give too large a background signal due to incoherent scattering from protons. The
source was set to a wavelength of A =5 A, and the detector placed 8 m from the sample.
Samples with Mg/Ca ratios of 0.03, 0.2 and 0.26 were studied at ambient temperature to
simulate in vivo conditions as closely as possible.

3. Results
3.1. Characterisation of the Amorphous Phase

The main aims of the ACC characterisation were to check that the samples had not
transformed to a crystalline carbonate phase, to determine the Mg/Ca ratios and the
amount of water.

3.1.1. Thermal Gravimetric Analysis

A typical TGA pattern is shown in Supplementary Materials Figure S1. The weight
loss at around 100 °C was attributed to loss of surface water, the small weight loss around
350 °C was attributed to the loss of included water and the weight loss around 700 °C
was attributed to the loss of carbon dioxide in keeping with previous studies [16,19]. The
stoichiometric water loss was calculated from this weight loss assuming a sample formula
of (Ca;_xMgy)CO5;-nH,0. The results are summarised in Supplementary Material Table S1.

46



Nanomaterials 2022, 12, 4151

Freeze-dried samples were found to contain about 1.18 molecules of water per formula
unit, and filtered samples were found to contain about 2.69 molecules of water. This was
independent of the Mg/Ca ratio or whether the solvent contained H,O, D,O or a mixture
of the two (Supplementary Materials Table S1). These values are comparable with those
found previously, such as n = 1.42-1.63 [19], and n = 0.98-1.4 [16]. Freeze drying can be
seen to have the effect of reducing the amount of water percent in an ACC sample.

3.1.2. X-ray Diffraction

XRD patterns of the freshly synthesised ACC samples were found to contain no Bragg
peaks. We observed only broad humps indicative of an amorphous or nano-crystalline
phase with two diffuse maxima at 32° (d =2.8 A)and 46° (d =2.0 A) 20 (Supplementary
Figure S2) consistent with those previously measured from ACC samples [16].

3.1.3. Laser-Ablation Inductively Coupled Plasma Mass Spectrometry

Representative measured Mg/Ca values are contained in Supplementary Materials
Table S1. In Figure 1 the Mg/Ca ratios determined using LA-ICPMS are plotted against the
Mg/ Ca ratios of the solutions from which the ACC samples formed. Comparing data from
this study (blue spots) with data from other studies [23,30-33] (Figure 1) shows a linear
correlation with the Mg/Ca ratio in solution, with an apparent distribution coefficient
(Kq = [(Mg/Ca)acc/Mg/Ca)solution]) of 0.12. The exact relationship seems to be highly
dependent upon the reported study with our data in the same range as data from two
previous measurements [23,34]. Further reference to Mg/Ca ratios in this manuscript will
refer to the Mg/Ca ratio of the solid sample and not the nascent solution. Potentially,
the measured Mg/Ca ratio in the solid sample could be due to variations in the washing
and drying protocols with some measurement signal coming from fluid still adhering to
solid particles. To investigate this possibility, we also used neutron scattering to determine

Mg/Ca ratios.
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Figure 1. Comparison of Mg/Ca ratios measured in ACC samples to Mg/Ca ratios of the solutions
from which they formed for samples: ® from this study, ® mixed with Formamide [33], ® [31], A [32],
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3.1.4. Neutron Scattering

A previous study showed that scattering from an ACC sample containing only Ca has
a peak in the real space scattering intensity at G(r) ~ 2.3 A, due to Ca-O correlations. In
comparison, an ACC sample containing only Mg has a peak in the real space scattering
intensity at G(r) ~ 2.1 A. ACC samples with mixtures of Ca and Mg have both peaks with
the positions of these peaks varying linearly between the two solid solution end members
(Supplementary Material Figure S3). This provides a methodology for the measurement of
Mg/Caratio in an ACC sample free from any remnant liquid phase contamination. Neutron
scattering patterns of six samples containing different Mg/Ca proportions, X, given by the
general formula: (Ca;_,Mgy)CO3-nH,O, are shown in Supplementary Material Figure S4.
The sample with Ca only contains one peak at ~2.4 A due to Ca-O correlations, while the
samples made from mixtures of Mg and Ca contain peaks at ~2.2 A and ~2.4 A due to
Mg-O and Ca-O correlations, respectively. This observation demonstrates that Mg is indeed
incorporated in the ACC atomic structure and is not a measurement artefact.

The positions of these two peaks are presented in Figure 2 as a function of Mg/Ca
ratio together with data from a previous study [31]. The two datasets are seen to be well
correlated. The peak due to Ca-O correlations at ~2.4 A does not change with Mg/Ca ratio
while the peak due to Mg-O correlations is seen to vary from ~2.2 A at low Mg content to
~2.1 A at 100% Mg content. These data confirm that the LA-ICPMS measurements provide
an accurate determination of the Mg/Ca ratios in our samples. The data also demonstrate
that comparison of the positions of the Ca-O and Mg-O correlation peaks from neutron
scattering data provides an accurate method for the determination of Mg/Ca ratios with
no need for any calibrations using standards.
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Figure 2. Peak positions of the first Mg-O and Ca-O correlations, taken from Supplementary Ma-
terials Figures S3 and S4, Where x is the proportion of magnesium in the sample as given by:
(Caj_x Mgy )CO;3. The data shown as red markers are from this study (Figure S4), and the blue
markers from [31] (Figure S3). Filled diamond symbols denote the first Ca-O correlation peak around
2.4 A; Filled circle symbols denote the first Mg-O correlation peak around 2.1-2.2 A.
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The background intensity of the neutron scattering patterns can be used to estimate
the H,O/D,O ratios in our samples by use of a calibration curve made from known pure
H,0O/D,0 mixtures (Supplementary Materials Figure S5). This leads us to conclude that
there is less than 10% H,O in our fully deuterated samples and, thus, more than 90%
D,0O. This provides an error estimate for our determined H,O/D,O ratios of about 5%
due to contamination related to the highly hygroscopic nature of D,O. It translates into
an uncertainty in the number of water molecules per formula unit of about 4-0.06 for the
freeze-dried samples and +0.13 for the filtered samples. Comparing these uncertainties
with the range of measured values using TGA of 0.9 to 1.37 for the freeze-dried samples and
2.12 to 3.46 for the filtered samples, it implies that the effect of freeze-drying vs. filtering
is negligible.

3.2. Characterisation of the Crystalline Phases

The main aim of the characterisation of the crystalline phases was to determine which
carbonate polytypes formed and their Mg/Ca ratios.

3.2.1. Raman Spectroscopy

Raman spectra collected from our samples were compared to spectra we col-
lected from reference samples of pure aragonite and calcite (Supplementary Materials
Figure S6) Comparison of these spectra showed that the crystallised sample consisted solely
of aragonite. This was confirmed by comparison with reference data from [35,36] and the
RRUFF™ database [37]. The spectra were found to contain three peak groupings: the v;
symmetric stretching of the carbonate groups at 1085 cm~!; the v, in-plane bending of
calcite at 711 cm ™!, and the v, in-plane bending of aragonite at 706 cm~! and 701 cm ™! and
the lattice modes of calcite at 155 cm~! and 281 cm ™!, and the lattice modes of aragonite
at 206 cm~! and 155 cm~!. All crystallised samples measured consisted solely of the
aragonite phase.

3.2.2. X-ray Diffraction

XRD patterns from the crystalline phases produced from our ACC samples were
fitted using the Profex (Solothurn, Switzerland) software [29] and were found to contain
only reflections due to aragonite (Supplementary Materials Figure S7) showing that only
aragonite crystals formed in agreement with our Raman data.

3.2.3. Scanning Electron Microscopy

A representative SEM image is contained in the Supplement Materials Figure S5. Clus-
ters of tablet-shaped aragonite crystals can be seen. These are surrounded by xenomorphic,
rounded grains that we interpret as ACC particles. The aragonite tablets are of similar size
and shape as ones observed in nacre, 0.5 um thick, 5-15 pm in diameter polygons [38]. This
supports the conclusions of both Raman and XRD measurements that only aragonite is
present in the crystallised samples.

3.2.4. High-Precision X-ray Diffraction

Accurate determination of the Mg/Ca ratio in carbonates crystallised from ACC is
difficult due to the presence of ACC particles on crystal faces (Supplementary Figure S8)
and in between the carbonate platelets making up the crystalline phase. The unit cell
volume of carbonate phases is highly sensitive to any incorporation of other ions such as
magnesium and should prove an accurate method for determining the Mg/Ca ratio. The
unit cell volume of aragonite crystallised from our ACC as a function of Mg/Ca ratio in
the precursor ACC is shown in Figure 3. The volume is seen to show only a small change
from the volume of pure calcium containing aragonite with Mg/Ca ratio. How significant
this small change is in the absence of literature aragonite unit cell volume data for varying
Mg/Ca ratios can be estimated by comparison of volume change with substitution of
other similar atoms. Volumes calculated for substitution of Ca by Sr in the aragonite
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(CaCO3) to strontianite (SrCOs3) solid solution series [39] are also plotted in Figure 3. It was
observed that there is an increase in unit cell volume with increasing amounts of Sr which
is probably due to the Sr atom being bigger (in a crystal 1.32 A) than a Ca atom (1.14 A).
In a similar manner, the unit cell volume of aragonite on substitution of calcium (1.14 A)
with magnesium (0.86 A) was calculated the result of which is also plotted in Figure 3.
Our conclusion is that there is no significant substitution of calcium by magnesium in the
crystalline aragonite samples although it was previously incorporated in the ACC before
transformation to aragonite.
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Figure 3. Data from this study compared to the unit cell volume change of the lattice estimated for
substitution of Sr and Mg to Ca. X represents either Sr or Mg. ® Data from this study with the linear
fit of the data points; ® Strontianite (SrCO3)-aragonite (CaCO3) solid solutions from [39] with the
linear fit of the data points;

Estimate for Mg substituting Ca in the aragonite.

3.3. Kinetics of Particle Growth and Crystallisation of Calcium Carbonate

SANS is the most suitable method for measuring the kinetics of ACC formation given
the previously observed length scales of ACC particles. For determining the kinetics of
aragonite formation time resolved powder X-ray diffraction is more appropriate given the
crystalline nature of the product phase.

3.3.1. Small-Angle Neutron Scattering

A time resolved SANS measurement determines scattering intensity as a function of
momentum transfer for particles of nanometre to micro size in a series of time slices. The
shape and slope of each of these scattering curves depends on the size and shape of the
particles in the sample. A typical series of SANS spectra collected during the formation
of one of our ACC samples is shown in Supplementary Materials Figure S9 together with
the extracted degree of formation curve and determined rate values. The data were fitted
with two models; the first one was a simple spherical particle model, that considers all
particles to be spheres and fits the radius to the data; and a Porod-Guinier model, that has a
shape parameter as well as a size parameter using the SasView software package [40]. Both
models gave similar results consistent with a spherical particle shape. ACC particles were
found to start with an average radius of around 35 nm which grew to around 60 nm after
4-5 h for the samples with Mg/Ca ratios of 0.03 and 0.2. ACC particles with a Mg/Ca ratio
of 0.26 also started with a radius of about 35 nm which remained constant for the duration
of the measurement. A summary of particle size evolution under varying conditions is
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shown in Figure 4. The height of the peak in the SANS patterns was used to estimate the
amount of ACC particles of each size as a function of time. These data were then fit with
the Avrami equation [5]. This gave an estimate of the rate of formation of the initial 35 nm
particles (rate = 0.17 h~! for a Mg/Ca ratio of 0.26, rate = 0.27 h~! for a Mg/Ca ratio of
0.2 and rate = 0.3 h~! for a Mg/Ca ratio of 0.03) and the rate of transformation from 35 to
60 nm particles (rate = 2.8 h~! for a Mg/Ca ratio of 0.03 and rate = 0.9 h~! for a Mg/Ca
ratio of 0.2 (Figure 5). The Mg/Ca ratio of 0.26 sample did not show any growth during the
measurement period.

900

800

Mg/Ca k (hr?)

2""" I . + . ' ratio

EP Y su { ; 0.26  0.17
¥ U 0.20 0.27
E— Y 003 0.3

300

Time (hours)

Figure 4. Evolution of the particle size in the samples analysed at 20 °C (ambient) with time. A is for
the sample with Mg/Ca = 0.26; ® is for the sample with Mg/Ca = 0.20; and m is for the sample with
Mg/Ca = 0.03. The corresponding lines are guides for the eye. The table contains estimates of the
rate of transformation between the 35 nm and nm particles for three Mg/Ca ratios.
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Figure 5. Reaction rates for the formation of initial ACC particles (green symbols and line) and
subsequent formation of aragonite crystals (red symbols and line for formation in H,O and blue
symbols and lines formation in D,0). The red and blue lines are exponential fits to the corresponding
symbols, their equations are y = 22.87 ¢=3>11 ¥ for the red line and y = 76.38 ¢4 ¥ for the blue
line. The green line is a linear fit to the corresponding symbols giving: y = —0.75 x + 0.35.
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3.3.2. X-ray Diffraction

A representative series of powder diffraction patterns are presented in Supplementary
Materials Figure S10. The aragonite (111) and (221) peaks are seen to grow out of the
background due to nano-crystalline calcium carbonate. The intensity of the (111) peaks
were used to determine the degree of reaction for each series of XRD patterns which was
then used with the Avrami equation [5] to give the corresponding reaction rate Figure 6).
Broad amorphous scattering was observed but no sharp diffraction signal from a crystalline
product within the time frame of our measurements when the ACC precursor had an
Mg /Ca ration of above about 0.14. Some samples with very high Mg/Ca ratios were found
to be still amorphous many months after they were synthesised.
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Figure 6. Compilation of the degree of aragonite formation as a function of magnesium content for
samples formed from ACC with varying Mg/Ca ratios using H,O and DO as the solvent.

4. Discussion and Conclusions

All samples of ACC synthesised during this study crystallised into aragonite as
confirmed by XRD and Raman data. After the completion of crystallisation, a small amount
of remnant ACC particles were observed on aragonite crystals, consistent with observations
in natural systems such as mollusc shells [41,42]. Mg was found to be present in the nano-
crystalline ACC atomic structure but not in the crystalline aragonite atomic structure. This
suggests that Mg was lost during the transformation of ACC into aragonite. The lost Mg
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atoms most likely were incorporated into the remnant ACC particles observed on the
surface of the aragonite crystals in our SEM images, stabilising this portion of the ACC to
allow it to exist for extended periods of time as observed in ACC cortices around crystalline
nacre tablets in mollusc shells [43,44].

The redistribution of Mg upon transformation of ACC into aragonite observed here
requires transport of ions from the ACC nano-particles forming the crystalline phase, and
thus, is consistent with a dissolution-reprecipitation process and discounts a pathway of
solid-state transformation [3]. A schematic representation of the transformation process
from solution through ACC to crystalline aragonite consistent with the data collected in
this work is contained in Figure 7. We observe three steps:

1.  Precipitation of ACC from solution forming 35 nm particles: reaction R;.
2. The 35 nm particles grow into 70 nm particles: reaction Ry.

3. Formation of aragonite crystals by localised dissolution and reprecipitation: reaction Rj.

ACC ACC
R, R. Rs

~35nm ~70nm > 3um

Figure 7. Schematic diagram summarizing the average particle pathway from solution to crystal for
calcium carbonate, as observed in this work.

This is broadly in line with previous observations, for example: the precipitation of
ACC particles of 35-40 nm [5], the observation of 100 nm particles in amorphous and
crystal phases [42,45], 50-60 nm crystals [46], and 100 nm silica-coated ACC particles with
20% water [47]. Electron microscopy [48] as revealed the evolution of particles prior to
step 1 above, with ACC particles growing from ~1 nm to ~20 nm in a range of a few
seconds. Prenucleation clusters of size ~1 nm are thought to precede the nanoparticles of
~30 nm [49].

Values of the rates for step R; were found to be largely independent of Mg/Ca ratio
while the Mg /Ca ratio had a very large effect on the rates for steps R, and R3. The change
in rate for steps Ry and R3 with Mg/Ca ratio were found to be very similar. From a classical
nucleation and growth perspective this might imply that the addition of magnesium
mainly effects particle growth and has little effect on nucleation. This might explain why
biomineralization predominantly involves nanoparticles since the nucleation rate is largely
unregulated while the growth rate can be controlled.

All ACC samples were found to contain magnesium, but all the crystalline aragonite
products were found not to contain any magnesium. The high rate for crystallisation
observed suggests that this process does not involve diffusion in the solid state. This
suggests that our results would favour a dissolution and reprecipitation model for ACC
transformation to aragonite over a solid-state transformation model.

In this case, the nanoparticles were found to not simply orientate and attach to form
larger structures but to dissolve and recrystallize as part of the self-assembly process. The
bigger question we then ask is to what extent is this mechanism employed in self-assembly
for both biological and synthetic systems.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12234151/s1. Figure S1. Typical TGA pattern of an ACC
sample. Figure S2. X-ray powder diffraction pattern of our Mg-ACC sample with two diffuse
maxima. Figure S3. X-ray scattering of solid-solution mixtures of (Ca;_y Mgyx)COs. Figure S4.
Neutron scattering patterns of samples prepared with different Mg/Ca ratios. Figure S5. Neutron
scattering data of HyO/D,O mixtures. Figure S6. Representative Raman spectrum. Figure S7. X-ray
powder diffraction pattern of an ACC converted into aragonite. Figure S8. SEM micrograph of
a synthesised sample from this study showing tablets of aragonite and xenomorphic aggregates
believed to be ACC. Figure S9. SANS patterns evolving with time. Figure 510. XRD patterns during
crystallization of aragonite from ACC. Table S1. Water content and Mg/Ca ratios determined for
ACC.
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Abstract: Metal nanoclusters (NCs) as a new type of fluorescent material have attracted great interest
due to their good biocompatibilities and outstanding optical properties. However, most of the studies
on metal NCs focus on the synthesis, atomic or molecular assembly, whereas metal NCs ability to
self-assemble to higher-level hierarchical nanomaterials through supramolecular interactions has
rarely been reported. Herein, we investigate atomic precise silver NCs (Agg-NCs, [Agg(mba)g],
where Hymba = 2-mercaptobenzoic acid) and peptide DD-5 were used to induce self-assembly, which
can trigger an aggregation-induced luminescence (AIE) effect of Agg-NCs through non-covalent
forces (H-bond, 7t—m stacking) and argentophilic interactions [Ag(I)-Ag(I)]. The large Stokes shift
(~140 nm) and the microsecond fluorescence lifetime (6.1 us) indicate that Agg-NCs/DD-5 hydrogel
is phosphor. At the same time, the chirality of the peptide was successfully transferred to the achiral
Ago-NCs because of the supramolecular self-assembly, and the Agyg-NCs/DD-5 hydrogel also has
good circularly polarized luminescence (CPL) properties. In addition, Agyg-NCs/DD-5 luminescent
hydrogel is selective and sensitive to the detection of small biological molecule arginine. This work
shows that DD-5 successfully induces the self-assembly of Agg-NCs to obtain high luminescent gel,
which maybe become a candidate material in the fields of sensors and biological sciences.

Keywords: supramolecular self-assembly; metal nanoclusters; peptide; aggregation-induced
emission; chirality

1. Introduction

As a bridge between atom and nanoparticle, metal nanoclusters (metal NCs, mainly
Au, Ag and Cu) which are composed of a few to hundreds of mental atoms and covered
with organic ligands on the surface of the metal core, have been receiving extensive
attention due to their important roles in the fields of catalysis, sensing, electrochemistry,
energy transfer and biomedicine [1-5]. Among various applications, metal nanoclusters are
widely used as sensors because of their sensitive responses to temperature, pH value, metal
ions and small biological molecules [6-10]. For example, Hu et al. utilized Cu-MOF as a
precursor to prepare highly stable Cu NCs, which can be used to construct a pH ratiometric
fluorescence sensor to monitor pH of microorganism [8]. Kailasa et al. found that the
addition of La®** can significantly enhance the fluorescence emission of BSA-AuNCs, and
constructed an La3* ion-BSA-AuNCs fluorescence sensor, thus realizing the detection of
four divalent metal ions (Hg2+, Cy2+, Pb%* and Cd?*) [9].

In particular, the biocompatibility and fluorescent properties are potentially useful in
biological systems of Ag NCs, making them a research hotspot [11]. However, the current
research on Ag NCs is mainly focused on the synthesis and atomic or molecular assembly,
while the nanostructures obtained by the means of supramolecular self-assembly are rarely
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reported [12,13]. This may be due to the small size of the Ag NCs, and to the higher surface
energy inducing further growth of Ag NCs into larger Ag nanoparticles, which is not
conducive to the progress of self-assembly. Therefore, in order to solve this problem, the
subtle non-covalent interactions (H-bond, 7—7 stacking, van der Waals forces, electrostatic
interactions and hydrophobic interaction) should be controlled between Ag NCs by adding
small molecules through supramolecular self-assembly to obtain ordered aggregates.

As a natural biomolecule, peptides are usually composed of less than 50 amino
acids, are easy to manipulate and synthesize, and can self-assemble into various ordered
aggregates, such as nanotubes, nanofibers, nanovesicles, nanobelts and hydrogel [14-18].
However, in order to overcome the inherent limitations of single-component materials
and make multi-component materials more widely used, peptides can be co-assembled
with a variety of functional molecules to obtain supramolecular materials [19-21]. For
example, Gazit et al., through the co-assembly between Fmoc-RGD and chitosan, obtained
a hydrogel with stronger mechanical properties and stronger durability than Fmoc-RGD
self-assembled hydrogel, which has a wide range of applications in the field of cell culture
scaffolds [22]. Xu et al. obtained the hydrogel of nanofibers through coordination, H-bond
and hydrophobic interaction between hairpin peptides and copper ions, and the nanofibers
can be utilized as templates for the synthesis of long, ultrathin CuS nanowires which have
near-infrared (NIR) laser-induced thermal effect [23]. Therefore, using peptides to induce
the self-assembly of Ag NCs can not only improve the biocompatibility of multi-component
materials, but also expand the range of application for metal NCs-based materials [6,7,24].

In this work, we used water-soluble, atomically precise Ag NCs (Agy-NCs, [Agg(mba)o],
where Hymba = 2-mercaptobenzoic acid) to interact with the peptide DD-5 to construct
luminescent hydrogel. The Agg-NCs/DD-5 hydrogel was realized through non-covalent
forces (H-bond, 7— stacking) and argentophilic interactions [Ag(I)-Ag(I)], and phospho-
rescent emission was obtained through aggregation-induced luminescence (AIE). The
Ago-NCs/DD-5 xerogel has good application in temperature sensing and the orange-red
emission of the hydrogel can be used to detect arginine (Scheme 1). This work provides a
new example for the construction of metal NC-peptide complexes through non-covalent
bonds used in the fields of temperature fluorescence sensing and biological detection.

‘Blank L-Ala  LHis LCys L-Phe L-GIn L-Ser L-Thr L-Asn L-Val Gly L-Arg D-Arg‘

Scheme 1. Schematic illustration of the self-assembly of the Agg-NCs driven by DD-5 and their
application in the detect of Arginine.
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2. Materials and Methods
2.1. Materials

The synthesis, purification and detailed characterization of Age-NCs can be found
in literature [6,25]. DD-5 was purchased from GL Biochem Ltd. (Shanghai, China) and
used without further purification. It was polymerized by five aspartic acids and its rel-
ative molecular mass was 593.46 g mol~!. The molecular structure of DD-5 is shown in
Figure la. L-Arginine (L-Arg), D-Arginine (D-Arg), L-alanine (L-Ala), L-histidine (L-His),
L-cysteine (L-Cys), L-phenylalanine (L-Phe), L-tyrosine (L-Tyr), L-asparagine (L-Asn),
L-valine (L-Val) and glycine (Gly) were purchased from Sinopharm Chemical Reagent
Co., Ltd, (Shanghai, China). L-Glutamine (L-Glu) and L-serine (L-Ser) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water used in the experiments with
a resistivity of 18.25 MQ cm~! was obtained using a UPH-IV ultrapure water purifier
(Shanghai Youpu Industry Company Ltd., Shanghai, China).

o AdNCs  DD5 Hydrogel
30 40 50 60 70 80 90
DD-5 (mmol/L)

Figure 1. Self-assembly phase behavior and detailed characterization of 5 mM Agg-NCs/70 mM
DD-5 hydrogel. (a) The structure of Agg-NCs and DD-5, the schematic diagram of the formation of
the core sample hydrogel; (b) the concentration of Agg-NCs was fixed at 5 mM, and the concentration
of DD-5 was changed to obtain a phase diagram; (c) TEM, the inset is a visual diagram of the sample;
(d,e) SEM; (f) AFM, inset: a plan view of the height extending from the indicator line; (g) HR-TEM;
(h) SAED pattern of HR-TEM.

2.2. Self-Assembly of Ag9-NCs/DD-5 Hydrogel

In this typical experiment, we added 20.0 mg DD-5 to 355 uL ultrapure water and
stirred, then added 145 pL Agg-NCs solution (15.87 mM) and stirred. The hydrogel was
successfully prepared after 8 h of constant temperature (20 °C) in a thermostat. The
hydrogel was lyophilized in a vacuum extractor at —60 °C for 5 days to collect the orange-
yellow powder.

2.3. The Detection of L-Arg and D-Arg

Amino acids were added to the solution of DD-5 and Agg-NCs to ensure that the final
concentration of amino acids was 100 mM. After incubating in 20 °C incubator for 8 h,
we performed a fluorescence test to study the selectivity of the hydrogel toward L-Arg
and D-Arg, because both D-Arg and L-Arg can completely quench the fluorescence of
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nanotubes. We took L-Arg as an example to investigate in detail: we added different
concentrations of L-Arg to the formed 100 puL of Agyg-NCs/DD-5 hydrogel, and placed it
in a thermostat at 20 °C for 8 h. We used a triangular cuvette with a capacity of 2 mL for
fluorescence detection to obtain concentration change spectra.

2.4. Characterizations

A copper mesh was inserted into the gel to obtain a sample, and after drying under
an IR lamp for 45 min, transmission electron microscopy (TEM) images were observed
under a JCR-100CX II (JEOL, Tokyo, Japan) microscope. Field emission scanning electron
microscopy (FE-SEM) observations were carried out on a Hitachi SU8010 (Hitachi, Tokyo,
Japan) under 10 kV. High-resolution TEM (HRTEM) images and selected area electron
diffraction (SAED) were recorded by HR-JEOL 2100 (JEOL, Tokyo, Japan) system with
an accelerating voltage of 200 kV. Atomic force microscope (AFM) tapping mode mea-
surements were performed on Bruke Bioscope Resolve. UV-vis data were recorded on a
Shimadzu UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan). Fluorescence data were
tested on a LS-55 spectrofluorometer (PerkinElmer, Waltham, MA, USA) and an Edinburgh
Instruments FLS920 luminescence spectrometer (xenon lamp, 450 W) (Edinburgh Instru-
ments Ltd., Livingston, UK). Fourier transform infrared (FI-IR) spectra in KBr wafer were
recorded on a VERTEX-70/70v spectrophotometer (Bruker, Billerica, MA, USA). CD spectra
were taken on J-810 Spectra Manager system (ChirascanV 100). Small-angle X-ray spec-
troscopy (SAXS) measurements were performed using an Anton-Paar SAX Sess mc? system
(Anton Paar, Graz, Austria) with nickel-filtered Cu K« radiation (1.54 A) operating at 50 kV
and 40 mA. X-ray diffraction (XRD) patterns were taken on a D8 ADVANCE (Bruker, Ger-
many) diffractometer equipped with Cu K« radiation and a graphite monochromator. X-ray
photoelectron spectroscope (XPS) date were collected by an X-ray photoelectron spectrome-
ter (ESCALAB 250, Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatized
Al K X-ray source (1486.71 eV). The rheological measurements were carried out on an
MARS60 rheometer (Thermo Fisher Scientific, Waltham, MA, USA) with a cone—plate
system. Before the frequency sweep, an amplitude sweep at a fixed frequency of 1 Hz
was carried out to ensure that the selected stress was in the linear viscoelastic region.
The frequency sweep was carried out from 0.01 to 100 Hz at a fixed stress of 10 Pa. The
variable temperature spectrum is recorded in the UV-Vis-microspectrophotometer (20/30
PV™ Craic Technologies, San Dimas, CA, United States). Thermogravimetric analyses
(TGA) were performed under a nitrogen atmosphere at 25-1000 °C with a heating speed of
10 °C min—! on a TA SDT Q600 thermal analyzer (TA Instruments, New Castle, DE, USA).

3. Results
3.1. Self-Assembly of Ag9-NCs/DD-5 Hydrogel

The average diameter of Agg-NCs in the aqueous solution was about 1.4 &= 0.5 nm, and
they were in a non-fluorescent state (Figure S1a). We wonder whether DD-5 peptides, which
are non-fluorescent at room temperature, can be used to induce the AIE effect of Agg-NCs
through a self-assembly strategy (Figure S1b). The schematic diagram of the core sample
self-assembly is shown in Figure 1a. The concentration of Agg-NCs was fixed at 5 mM, the
concentration of DD-5 was changed, and after incubation for 8 h, the phase diagram was
obtained (Figure 1b). Under 365 nm UV light, the solution state (30~38 mM DD-5) did not
emit fluorescence, while the precipitated state (38~47 mM DD-5) and the hydrogel state
(47~90 mM DD-5) both emitted orange-red fluorescence (Figure Slc), which implied that as
the concentration of DD-5 increases, Ago-NCs gelation restricted the rotation or vibration
of the Agg-NCs ligand on the spatial scale, enhancing AIE and emitted fluorescence.

From the TEM and SEM images, it was found that the precipitate was a solid nanorod
structure, and the hydrogel was hollow nanotube with a little spiral (Figure S2). When
cpp-5 = 70 mM, it is located in the center of the hydrogel and its morphology is better
(Figure S2), so it is defined as the core sample for follow-up research. The microstructures
within the hydrogel were characterized in detail by imaging studies. TEM shows that the
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fibers formed in 5 mM Agg-NCs/70 mM DD-5 hydrogel were about 30-50 nm in width and
5-20 pm micrometers in length (Figure 1c,d) and the inside of the fiber had lower contrast
than the edge (Figure 1c,g). The fracture surface observed by SEM (Figure 1d,e) indicated
that the fibers were hollow nanotube structures. AFM image shows that the thickness
of the nanotube was 40 nm, which was basically the same as the width of nanotubes
(Figure 1f). In addition, SAED results in Figure 1h indicate that the nanotubes were a
polycrystalline structure.

3.2. Fluorescence and Chirality of Ag9-NCs/DD-5 Hydrogel

As metal NCs are known as potential AIE molecules, we next explored the fluorescent
properties of Agg-NCs/DD-5 hydrogel. In the solution state of Agg-NCs, due to the free
vibration or rotation of the ligand mba?~, the non-radiative inactivation channel is opened
and the fluorescence disappears. Therefore, Ago-NCs have a shorter fluorescence lifetime
(~3.277 ns) (Figure S3a, Table S1). However, under the excitation wavelength of 490 nm, the
quantum yield of the Agyg-NCs/DD-5 hydrogel is 8.11% with a microsecond fluorescence
lifetime (~6.10 ps), and the emission wavelength is located at 630 nm with a large Stokes
shift (~140 nm) (Figures 2a and S3b, Table S2), indicating that it is essentially a phosphor.
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Figure 2. Study on the optical and chiral behavior of Agyg-NCs/DD-5 hydrogel. (a) Excitation (blue
dotted line, Aem = 630 nm), emission (red dotted line, Aex = 490 nm) spectra and UV-vis absorption
(black line); (b) schematic diagram of the excite-state relaxation dynamics of the nanotubes; (c) CD
spectrum of pure DD-5 and hydrogel, the bottom are the UV absorption spectra of pure DD-5 and
hydrogel; (d) CPL spectrum of hydrogel, the DC value in the bottom spectrum stands for fluorescence
intensity of hydrogel.

There are several reasons to prove that the system is phosphorescence produced by
triple transitions: (i) the optimal excitation peak for Ago-NCs/DD-5 hydrogel is located
at approximately 490 nm, overlapping with the absorption peak of the charge transfer
from the ligand to the metal of Agy-NCs caused by the addition of DD-5 (Figure 2a),
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inducing a phosphor with long lifetime emission [26]; (ii) the aromatic carboxyl group at
room temperature is phosphorescence (RTP) molecule, the energy levels of singlet and
triplet of Hymba are very similar, and after the introduction of DD-5 through non-covalent
interactions the amount of charge transfer from ligand-to-metal charge transfer (LMCT)
increases, which makes intersystem crossing (ISC) prone to occur [27]; (iii) charge transfer
can be caused by argentophilic interactions, which can also be attributed to the triplet state
of argentophilic interactions with ligand-metal-mental charge transfer (LMMCT) [28,29].
Thus, it can be concluded that after DD-5 is added, DD-5 combines with Agg-NCs through
non-covalent interactions, which limits the intramolecular vibration and rotation of the
Ago-NCs ligand mba?~, reducing the non-radiative loss of triplet excitons, and promotes
phosphorescence emission (Figure 2b).

Based on the chirality of the peptide DD-5, we next examined the chirality of Agy-
NCs/DD-5 hydrogel. From the CD spectrum (Figure 2c), it is found that DD-5 has a strong
negative Cotton effect at 204 nm, while Agg-NCs/DD-5 hydrogel has a relatively weak
negative Cotton effect at 217 nm, which indicates that the configuration after assembly has
changed [30]. At the same time, the red shift 13 nm indicates that the chirality of DD-5
was successfully transferred to the assembly, and supramolecular chirality is obtained.
Due to Agg-NCs/DD-5 hydrogel having good luminescence performance and chirality,
the circularly polarized luminescence (CPL) performance of the assembly is investigated.
Generally speaking, the strength of CPL can be evaluated by the luminescence dissymmetry
factor (gjym), which is defined as gy, =2 % (Ip — Ir)/(IL + Ir), where I} and IR refer to the
intensity of left- and right-hand CPL, respectively. From the CPL spectrum (Figure 2d), the
assembly has good CPL performance and asymmetry factor glum is —2.0 x 1073, indicating
that Agg-NCs/DD-5 hydrogel with a negative Cotton effect displayed left-handed CPL.

3.3. Structure and Mechanism Analysis of the Hydrogel

To dissect the self-assembly mechanism of Agg-NCs/DD-5 hydrogels, it is essential
to analyze the composition of supramolecular assembly. The peak splitting results of Cys,
Nis, O1s, Spp and Agzq for Agg-NCs/DD-5 xerogel in XPS indicate that the hydrogel is
formed by Agy-NCs and DD-5 (Figures 3a and S4). Moreover, Agg-NCs/DD-5 xerogel
and Ago-NCs powder have the similar signals in Ag 3ds5,, and Ag 3d3/,, indicating that
Agy-NCs do not undergo chemical or structural conversions during gelation (Figure 3b).
In order to understand the deposition pattern and spatial structure of the hydrogel, SAXS
and XRD were carried out. For the SAXS result of Agg-NCs/DD-5 xerogel, four diffraction
peaks are found at g = 10.59, 9.48, 6.64 and 4.66 nm~! with a scattering factor g ratio
of 1:1/2:2:1/5, which is a typical tetragonal phase stack (Figure 3c¢) [31]. In addition, the
smallest repeating unit of its aggregate d = 1.35 nm, which is equivalent to the size of
Agy-NCs. Considering the length of the Agyg-NCs ligand mba?®~ ligand (~6.5 A) and the
length of DD-5 molecule, the smallest repeating unit of 1.35 nm indicates a strong crossover
between adjacent Agg-NCs and DD-5, supporting the m—m stacking form of Agg-NCs.

As shown in the XRD spectrum (Figure 3d), the Agyg-NCs/DD-5 xerogel has several
relatively significant peaks were recorded in the range of 20-45°. The diffraction peaks at
20 =22.14°, 28.62° and 34.10° correspond to 77 stacking (peak at A 4.0 A), Ag-Ag (peak at
3.1 A), and Ag-S (peak at 2.6 A) and other possible interplanar distances [32,33], which
indicate that the presence of 7-rt stacking and Ag—Ag interactions contribute to an ordered
arrangement in the assembled hydrogel. In contrast, the XRD of lyophilized Ago-NCs
solution and pure DD-5 only showed a diffuse reflection peak, indicating that they are of
an amorphous nature. Based on the above data, we can conclude that the self-assembly
process is closely related to the non-covalent interactions (H-bond, m—m stacking) between
Agy-NCs and DD-5 and argentophilic interactions [Ag(I)-Ag(I)] between Agyg-NCs, and
finally highly ordered fluorescent nanotubes are obtained.
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Figure 3. The structure characterization results of Agg-NCs/DD-5 xerogel (or hydrogel). (a) XPS
spectra of lyophilized Agg-NCs and xerogel; (b) High-resolution XPS spectra of Ag element; (c) SAXS
results of DD-5 and xerogel; (d) XRD results of DD-5 and xerogel, the inset shows the result of
lyophilized Agy-NCs; (e) FI-IR spectra of a lyophilized Agg-NCs, DD-5 and xerogel; (f) stress sweep
test at f = 1 Hz for the hydrogel Study on the optical and chiral behavior of Agyg-NCs/DD-5 hydrogel.

FT-IR was performed to explore the non-covalent forces between Agyg-NCs and DD-5
in the self-assembly (Figure 3d). For pure Agg-NCs powder, 1537 and 1377 cm™! are
assigned to the antisymmetric and symmetric stretching vibrations of C=0O in the ligand
mba®~ (Figure 3e) [34]. For pure DD-5 powder, the peak at 1410-1260 cm ! is assigned
to the in-plane curvature of the free carboxyl group, the peaks at 1668 and 1728 cm ™!
belong to the amide I band, which is attributed to the stretching vibration of the peptide
backbone, and the peak at 3370-3320 cm ! is attributed to the stretching vibration of N-H.
In Agy-NCs/DD-5 xerogel, it was found that the C=0O of the Agg-NCs ligand showed a
significant red shift, the DD-5 amide I band peak disappeared and the free carboxyl group
in-plane curvature peak weakened or even disappeared, indicating that there are hydrogen
bonds between Agg-NCs and DD-5. Moreover, the widening of the stretching vibration
absorption band of 3200-3000 cm ! belongs to ~OH, which also proves the formation of
hydrogen bonds in this system [35].

The rheological characteristics are of great significance to supramolecular materials in
the gel state, so we next tested the rheological properties of Agg-NCs/DD-5 hydrogel to
evaluate the mechanical properties of the hydrogel [36]. In the stress scan, the storage mod-
ulus (G’) is much larger than the loss modulus (G”), indicating that the hydrogel exhibits
solid-like nature (Figure 3f). The yield stress corresponds to the transition from gel to fluid,
that is, the network structure of the gel is destroyed [37], and Agg-NCs/DD-5 hydrogel
basically remains unchanged before reaching the yield stress of 285 Pa, indicating that the
formed hydrogel has high rigidity and resistance to damage ability. In the frequency sweep
experiment, the storage modulus (G’) and loss modulus (G”) of the hydrogel remained
basically unchanged, and G” (2300 Pa) was much larger than G” (115 Pa), indicating that
Agg-NCs/DD-5 hydrogel has a good mechanical strength (Figure S5a).

TGA was performed to explore the thermal stability of the hydrogel (Figure S5b).
The weight loss of the xerogel sample before 100 °C can be attributed to water loss. The
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weight loss at 200-285 °C is attributed to the vaporization of DD-5 carbon and the removal
of oxidized functional groups (the first stage decomposition temperature of pure DD-5
at 174 °C), together with the decomposition of Hymba (the decomposition temperature
of lyophilized Ago-NCs ligand Hymba is 181 °C). Compared with the original DD-5 and
Agy-NCs, the decomposition temperature of Agg-NCs/DD-5 xerogel increased slightly
(200 °C), indicating that the thermal stability of the xerogel was further improved.

Based on the above results, it can be concluded that DD-5 and Agy-NCs were suc-
cessfully co-assembled to obtain highly stable hydrogel. The hydrogel consists of highly
ordered hollow nanotubes with a little spiral forming a stable three-dimensional network.
We can propose the formation mechanism of nanotubes: (i) After the addition of DD-5, the
rotational vibration of the mba?~ is restricted by H-bond formed which was surmised as
being further divided in several parts, such as -COO~ of mba®~ with -OH (or -NH-) of
DD-5, and/or -OH of protonated mba?~ (Hymba) with -COO~ of DD-5 and so on. (ii) The
adjacent components with Ag(I)-rich surface led to the strong argentophilic interactions
between Agg-NCs which induces the formation of highly oriented nanotubes. The m—m
stacking of adjacent ligands also contributes to the formation of spiral nanotubes. Therefore,
the assembly process of hollow spiral nanotubes is controlled by inter-ligand non-covalent
interactions (e.g., H-bond, -7t stacking) and argentophilic interactions between Agg-NCs.

3.4. Kinetic Tracing of the Formation of Ageo-NCs/DD-5 Hydrogel

In order to explore the relationship between the gelation process and fluorescent prop-
erties of Agyg-NCs/DD-5 hydrogel, we followed the kinetic tracking of the self-assembly
(Figure 4d). TEM showed the evolution of the morphology during the gelation (Figure 4a).
At 1 min, the self-assembled body is a small particle of Age-NCs combined with DD-5,
there is no fluorescence emission (Figure 4a,c); The small particles self-assemble into a
hollow short rod structure with a length of about 500 nm in 5 min, and weak fluorescence
appears at this time; at 30 min, the hollow short rod structure further grows into nanotubes
with a length of about 1 pm, and the fluorescence of the nanotubes is obviously enhanced;
nanotubes with a little spiral structure are about 2 um in length at 3 h, and the fluorescence
is continually increased compared with that at 30 min, but it is not much different from
the final state fluorescence. Therefore, we believe that fluorescence emission is inseparable
from the gelation process, that is, the increase in fluorescence intensity is caused by the
transition from loose assembly to tightly packed spiral nanotubes. Based on the above
results, we believe that in the presence of argentophilic interactions and non-covalent forces
(H-bond, m—mt stacking), a tightly ordered assembly structure is formed which spatially
limits the vibration and rotation of Agg-NCs ligands, thus triggers the AIE effect of the
Agy-NCs and induces fluorescence. That is, as the order of the assembled structure of
Ago-NCs/DD-5 hydrogel increases, the fluorescence gradually increases.

3.5. Temperature Sensing

Optical sensors have the advantages of wireless operation and imaging in harsh
environments. Moreover, it is very important to realize temperature monitoring in scientific
production, which also promotes the development of temperature sensing. The ultra-small
size, good biocompatibility and colloidal stability of metal NCs are considered to be good
materials for the development of high-intensity fluorescence thermometers. However,
temperature sensors based on metal NCs are mainly concentrated in solution and gel states,
while solid-state temperature sensors are rarely explored. In addition, most solid-state
phosphorescent temperature sensing materials have poor photoluminescence capabilities
at high temperatures, and the fluorescence generally disappears when the temperature
is higher than 100 °C [38—40]. Therefore, it is particularly important to develop a solid
material with good photoluminescence ability at high temperature. Based on this, we
freeze-dried the hydrogel to obtain phosphorescent xerogel, and explored the luminescence
of the xerogel with temperature changes in detail.
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Figure 4. Ago-NCs/DD-5 hydrogel kinetic tacking. (a) TEM images of hydrogel changing over time;
(b) Time-varying PL spectrum of hydrogel under excitation at 490 nm; (c) PL intensity graph at
A =630 nm (Aey =490 nm); (d) Photographs of the formation process of the hydrogel irradiated with
365 nm UV light.

As the temperature rises from —160 °C to 260 °C, the PL intensity of Age-NCs/DD-5
xerogel continues to decrease and the fluorescence peak position also appears slightly
blue-shifted (Figure 5a—c). The reasons for this change are as follows: (i) as the temperature
increases, the oxygen molecules collide with their luminescent center; (ii) the high tempera-
ture weakens the Ag-S bond between the Hymba and the sliver core, resulting in a decrease
in the charge from the ligand to the sliver core of Agy-NCs; (iii) as the temperature rises,
non-covalent interactions (H-bond, 7— stacking) gradually weaken, resulting in a compact
network being stretched, the rotation limit of the mba?~ ligand is reduced, non-radiative
relaxation is prone to occur; and (iv) as the temperature increases, the conformation of DD-5
changes, causing Agy-NCs to be directly exposed to the air and oxidized to larger silver
nanoparticles at high temperatures. All these factors lead to the decrease of fluorescence
intensity and blue shift of fluorescence peak. Figure 5d shows the change in PL intensity
over the entire temperature range, which can be described by two linear parts with an
inflection point at 80 °C (Figure 5d). The xerogel satisfies a good linear relationship in the
low temperature range from —160 °C to 80 °C and the high temperature range from 80 °C
to 260 °C, which will have a wide range of applications in the field of both low and high
temperature fluorescence sensing.
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Figure 5. Fluorescence change of xerogel with temperature. (a,b) Fluorescence spectra with increasing
temperature; (c) PL peak position changes with increasing temperature; (d) The corresponding PL
intensity under different temperature.

3.6. The Detection of L-Arg and D-Arg

It is well-known that amino acids play an important role in the human body. Among
various amino acids, Arg can stimulate the secretion of hormones such as insulin, growth
hormone, glucagon and prolactin. At the same time, Arg content is also one of the key
parameters for evaluating the pathophysiology of hyperammonemia and astrocytes cul-
tured with aggregated nerve cells [41-43]. Therefore, it is very important for human health
to detect Arg with high selectivity and sensitivity. Fortunately, Ago-NCs/DD-5 hydrogel
with good biocompatibility can be used as a biosensor to detect L-Arg and D-Arg. It can be
found that the addition of L-Arg and D-Arg can completely quench the fluorescence of Agy-
NCs/DD-5 hydrogel, while when the other amino acids (L-Ala, L-His, L-Cys, L-Phe, L-Gln,
L-Ser, L-Thr, L-Asn, L-Val and Gly) were added, the fluorescence intensity changed slightly
(Figure 6a—), we then take L-Arg as an example to investigate in detail. With the increase
of the concentration of L-Arg, the fluorescence intensity gradually decreases (Figure 6d),
Iy/I have a linear relationship with L-Arg at a lower concentration, and the detection line
calculated from 36 /slope is 240 uM (Figure 6e), indicating that Age-NCs/DD-5 hydrogel
can detect L-Arg with high sensitivity. Adding L-Arg and other amino acids together to the
hydrogel system, it could be found that even in the presence of other amino acids, L-Arg
could still quench its fluorescence, indicating that Agg-NCs/DD-5 hydrogel also has high
selectivity for L-Arg (Figure 6c).
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Figure 6. Detection of arginine by hydrogel. (a) Photographs of the samples observed under 365 nm
UV lamp with the addition of amino acids; (b) PL spectra of nanotubes with the addition of amino
acids; (c) Selectivity of nanotubes toward L-Arg, the lighter color is the fluorescence intensity after
adding different kinds of amino acids, the darker color is the fluorescence intensity after adding
L-Arg to the above sample; (d,e) Concentration-dependent fluorescence spectra and fluorescence
intensity with the addition of different contents of L-Arg, inset: Stern-Volmer quenching curve of the
fluorescence intensity of the hydrogel at 630 nm against L-Arg concentration; (f) TEM image of L-Arg
added to Agg-NCs/DD-5 hydrogel; (g) FI-IR spectrum, where I represents lyophilized Agg-NCs;
II represents DD-5; III represents Agg-NCs/DD-5 xerogel; IV represents freeze-dried sample after
adding L-Arg to Age-NCs/DD-5 hydrogel.

In addition, it was found from the TEM image that the nanotubes with a little spiral
disappeared after the addition of L-Arg, and more particles with superfine nanowires
appeared (Figure 6f), indicating that the addition of L-Arg destroyed the ordered structure
of the hydrogel. From FT-IR results, as shown in Figure 6g, after the addition of L-Arg,
there is a reappearance of peaks at 1658 and 1578 cm ! belonging to the amide I band (its
red shift is attributed to the addition of L-Arg) and at 1392 cm~! belonging to the symmetric
vibrational absorption peak of the C=O group in mba®~, indicating that the addition of
L-Arg destroyed the intermolecular H-bond and reduce the radiation relaxation of the
Ago-NCs ligand mba?~ and made the fluorescence disappear. In the FT-IR, it is found that
L-Arg is added to break the H-bond between Agg-NCs and DD-5 to achieve the purpose of
detection, which has nothing to do with the molecular configuration of Arg. Therefore, we
reasonably believe that Agg-NCs/DD-5 hydrogel has good detection capabilities for both
L-Arg and D-Arg.

4. Conclusions

In this work, an Agg-NCs/DD-5 hydrogel with highly ordered hollow nanotubes with
a little spiral and phosphorescent emission was successfully obtained by supramolecu-
lar self-assembly through inter-ligand non-covalent interactions (H-bond, m—m stacking)
and argentophilic interactions [Ag(I)-Ag(I)] between Agy-NCs. After self-assembly, the
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transfer of chirality of DD-5 to supramolecular chirality of Agyo-NCs/DD-5 hydrogel was
successfully realized together with good CPL performance. In addition, Agyg-NCs/DD-5
xerogel can still emit fluorescence at 200 °C, making it an ideal choice for a new generation
of luminous temperature-sensing agents both in low and high temperatures. Moreover,
Ago-NCs/DD-5 hydrogel has selectivity and sensitivity for the detection of L-Arg and
D-Arg. Our work implied that supramolecular self-assembled materials for metal NCs not
only have potential applications in the field of fluorescence sensing, but also have huge
application prospects in the field of biological detection.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano12030424/s1, Figure S1: Co-assembled primitive photos and
co-assembled phase behavior photos, Figure S2: TEM and SEM images at different concentrations
of DD-5, Figure S3: PL decay curve of lyophilized Agg-NCs solution and Agg-NCs/DD-5 hydrogel,
Figure S4: High-resolution XPS spectra of the Agg-NCs/DD-5 xerogel, Figure S5: Hydrogel rheology
and xerogel TGA, Table S1: Lifetime of the powder of lyophilized Agy-NCs solution, Table S2.
Lifetime of Agg-NCs/DD-5 hydrogel.
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Abstract: The red-emitting fluorescent properties of bovine serum albumin (BSA)-gold conjugates
are commonly attributed to gold nanoclusters formed by metallic and ionized gold atoms, stabilized
by the protein. Others argue that red fluorescence originates from gold cation—protein complexes
instead, not gold nanoclusters. Our fluorescence and infrared spectroscopy, neutron, and X-ray
small-angle scattering measurements show that the fluorescence and structural behavior of BSA-Au
conjugates are different in normal and heavy water, strengthening the argument for the existence of
loose ionic gold—protein complexes. The quantum yield for red-emitting luminescence is higher in
heavy water (3.5%) than normal water (2.4%), emphasizing the impact of hydration effects. Changes
in red luminescence are associated with the perturbations of BSA conformations and alterations to
interatomic gold-sulfur and gold-oxygen interactions. The relative alignment of domains I and II, I
and IIL, IIT and IV of BSA, determined from small-angle scattering measurements, indicate a loose
(“expanded-like”) structure at pH 12 (pD ~12); by contrast, at pH 7 (pD ~7), a more regular formation
appears with an increased distance between the I and II domains, suggesting the localization of gold
atoms in these regions.

Keywords: red-fluorescence; protein—gold conjugates; change in protein conformation; fluorescence;
small angle X-ray scattering; small angle neutron scattering

1. Introduction

Biocompatible red fluorescent BSA—gold conjugates offer favorable biological appli-
cations because their red fluorescence significantly differs from tissue materials’ blue or
green auto-fluorescence [1]. An elegant and simple one-pot aqueous synthesis of fluores-
cent bovine serum albumin-gold (BSA-Au) complexes was first described by Xie et al., a
pioneering work in the field [2]. In the presence of hydrogen tetrachloroaurate (HAuCly),
the interaction between the BSA and gold salt is driven in the alkaline medium (pH ~12),
resulting in a significant red luminescence at around 670 nm, which slightly increases
when the system neutralizes. Despite intensive studies, there is no consensus about the
origin of red emittance. The question is still open—what are the red-emitting parts of the
BSA-Au conjugates, and what do they look like? After the inventors, it has been widely
accepted that the fluorescent properties result from gold nanoclusters composed of 25
atoms and stabilized by BSA, which were already known to show red fluorescence [2].
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It was reported that nanoclusters with 25 atoms have a core-shell structure consisting
of an icosahedral core of 12-13 metallic gold atoms surrounded by six Auy(SR); staples
covalently bonded to a BSA molecule via the sulfuric groups [2-7]. This structural ex-
planation was deduced from matrix-assisted laser desorption-ionization time-of-flight
(MALDI-TOF) and X-ray photoelectron spectroscopy (XPS) methods where, unfortunately,
water, as a characteristic structural element, is expelled from the system. Other methods,
such as Nuclear Magnetic Resonance (NMR), infrared spectroscopy (IR), and small-angle
X-ray scattering (SAXS), show that BSA is a dynamic, “living” system assuming different
conformations reversibly in an extensive pH range. The aqueous solution of BSA has
five different conformations as the function of pH: expanded, fast, normal, basic, and
aged forms [8]. In the presence of HAuCly, pH plays an important role. At pH =12, the
BSA-molecules become negatively charged and undergo conformational changes while
attracting Au(Ill) ions, predominantly in regions rich in reducing tyrosine and histidine
residues. The key to understanding the red emission’s origin is clarifying the interactions
between the neighboring Au atoms or ions [9]. Dixon and Egussa observed that these
gold cation—protein complexes caused their red emissions after a further reduction process
using sodium borohydride, whereby metal nanoparticles were formed. Therefore, they
supposed that the BSA-gold compounds, described by Xie et al. as Auys nanoclusters,
were BSA—cationic gold complexes [10]. Moreover, they observed that conformational
changes of BSA influence the fluorescence behavior of complexes. They also suggested
that the origin of the red fluorescence involves an energy transfer among chromophores
formed by the gold and protein residues. The same authors concluded that cysteine, 34
of which form disulfide bonds in BSA, is the binding site of Au(IIl) but not the location
of the red-emitting fluorophore. Recently, the same research group identified the Au(III)
binding domain of BSA and localized the origin of red fluorescence within the N-terminal
domain using limited proteolysis and molecular cloning techniques based on luminescence
measurements [11]. However, the changes and evolution in fluorescent properties are
primarily connected to global changes in BSA-gold complexes dependent on the pH value
and accompanied by significant structural changes on the atomic level as observed by
small-angle X-ray scattering and infrared spectroscopy [12]. The conformation of BSA is
not reversible after a neutral-alkali-neutral cycle, and its consequences in fluorescence can
be observed. The irreversibility is more pronounced in the presence of Au(lll) ions, indi-
cating the importance of hydration effects. Besides the advantages of heavy water use in
the neutron scattering techniques, it provides a solvent milieu different from normal water,
enabling the observation of hydration-induced structural and conformational changes. It is
well-known that the deuterium-hydrogen isotope effect causes significant changes in the
folding—unfolding processes of proteins [13,14]. In this work, we show that heavy water,
compared to normal water, induces more decided effects in both global and fine structures
and that these changes bring a significantly increased red fluorescence than that observed
in normal water.

2. Materials and Methods
2.1. Materials

Bovine serum albumin (BSA, >99%) and HAuCly-3H,O (99.99%) were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and used as received. The pH of
the solutions was adjusted with HCI (Sigma-Aldrich, St. Louis, MO, USA) and NaOH
(Sigma-Aldrich, St. Louis, MO, USA). All solutions were prepared in ultra-pure Milli-Q
water (total organic content < 4 ppb; resistivity > 18 MQlcm) and heavy water (deuterium
oxid for NMR, 99.8% D) purchased from Acros Organics (Morris Plains, NJ, USA).

2.2. Sample Preparation

A total of 1.67 w% BSA-Au(Ill) stock solutions in normal and heavy water were
prepared by mixing 2.5 w% BSA solutions with 10 mM HAuCl, solutions in 2:1 volume
ratio (corresponding with 13:1 ion—protein molar ratio) at moderate stirring rate (600 rpm).
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After mixing, the pH of the stock solutions was set to 12 (pD to ~11.6) by dilute NaOH
solutions (1 M, both in normal and heavy water) under stirring. After storage at room
temperature for two days, the BSA—Au(Ill) systems were heat-treated at 37 °C for 2 h,
then neutralized and stored at room temperature. The beginning and transitional states
at pH =12 (pD = 11.6) and neutral pH (pD) were measured with fluorescence, infrared
spectroscopy, and DLS methods. The same preparation protocol was used for the X-ray
and neutron scattering methods.

2.3. Fluorescence Spectroscopy

The luminescence of the BSA-Au conjugates was measured using a Jasco FP8500
spectrofluorometer (Jasco International Co., Ltd., Tokyo, Japan) at 25 °C in MQ water
and 360 £ 5 nm excitation in the 380-750 nm range. The spectral correction function
was assessed by the Maroncelly dye setup [15]. The luminescence quantum yields were
determined relative to the 0.546 value of quinine sulfate in 1N sulfuric acid [16]. It must
be noted that considering the low sensitivity of the fluorometer in the red region, the red
band’s maxima, and the corresponding fluorescence yields, may be slightly underestimated.
The air-saturated samples were measured in a 3 mm x 3 mm x 40 mm quartz cuvette with
an optical density at the excitation wavelength around 1.4.

2.4. Infrared Spectroscopy

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy mea-
surements were conducted using a Varian 2000 FTIR Scimitar spectrometer (Varian Inc.,
Palo Alto, CA, USA) fitted with a liquid nitrogen-cooled mercury cadmium telluride (MCT)
detector and a ‘Golden Gate’ single reflection diamond ATR accessory (Specac Ltd., Orp-
ington, UK). A sample amount of 5 uL was dropped onto the diamond ATR surface, and
the dry film spectrum was collected (at 2 cm ™! resolution and 64 scans) after the slow
evaporation of the solvent under ambient conditions. Each data acquisition was followed
by ATR correction. Spectral deconvolution was performed using the GRAMS/AI (7.02)
spectroscopy software (Thermo Galactic, Walthman, MA, USA). Band positions for curve
fitting were established using the second derivative and were fixed during the fitting
procedure. Band shapes were approximated by Lorentzian functions. The intensities and
the bandwidth of each component were allowed to vary until the minimal y? parameter
was reached. After the fitting procedure, the relative contribution of a particular band
component was calculated from the integrated areas of the individual components [17].

2.5. Dynamic Light Scattering

Dynamic light scattering (DLS) of the samples was measured at 20 °C using a W130i
dynamic light scattering device (Avid Nano Ltd., High Wycombe, UK) with a diode laser
(660 nm) and a photodiode detector. Eppendorf disposable cuvettes (50-2000 pL, UVette
routine pack, Vienna, Austria) with a 1 cm path-length were used [18]. Samples containing
approx. 10 pM BSA were measured in a final volume of 80 pL in MQ water. We measured
the time-dependent autocorrelation function for 10 s, repeated it ten times, and reported
the average distributions. A data analysis yielding the mean hydrodynamic diameter (Dy,)
and polydispersity (%) was performed with iSize 3.0 software supplied with the device.

2.6. Small-Angle X-ray Scattering

Small-angle X-ray scattering measurements were performed using CREDO, an in-
house transmission geometry setup [19,20]. Thin-walled quartz capillaries with a 1.5 mm
average outer diameter were filled with samples. After proper sealing, these were placed
into a temperature-controlled aluminum block inserted into the vacuum space of the sam-
ple chamber. Measurements were recorded using monochromatized and collimated Cu
Ko radiation (1.542 A wavelength); the scattering pattern was recorded in the range of
0.02-0.5 A~! in terms of the scattering variable/momentum transfer (g = (47t/A) sin 6,
where 26 is the scattering angle, and A is the X-ray wavelength). The total measurement
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time was 7.5 h for each sample. In order to assess sample and instrument stability dur-
ing the experiment, the exposures were recorded in 5-min units, with frequent sample
change and reference measurements. These individual exposures were corrected for beam
flux, geometric effects, sample self-absorption, and instrumental background, as well as
calibrated into physical units of momentum transfer and volume-normalized differential
scattering cross-sections (absolute intensity, cm ! x sr~!). The corrected and calibrated
5-min scattering patterns were azimuthally averaged to yield a single one-dimensional
scattering curve for each sample.

2.7. Small-Angle Neutron Scattering

Small-angle neutron scattering measurements were recorded with the “Yellow Subma-
rine” diffractometer operating at the Budapest Neutron Centre [21,22]. Two sample-detector
distances of 1.2 and 5.3 m and a quasi-monochromatic neutron wavelength of 0.42 nm
allowed us to cover a g-range of 0.01-0.5 A~!. Liquid samples were filled in quartz cells
with a 2 mm path length, and the measurements were recorded at 25 °C. The raw data were
corrected for sample transmission, cell and room background scattering, and the absolute
intensity scale was calibrated by the level of incoherent scattering from an H,O sample.

3. Results and Discussion
3.1. Red Emission Characterized with Fluorescence Spectroscopy

The luminescence spectra of BSA-Au conjugates were studied in normal and heavy
water solutions. Two hours after mixing the two basic (BSA and HAuCly) solutions (at
pH =12 and pD =~ 11.6), luminescence appears in both normal and heavy water systems.
The emission, however, is very low in terms of quantum yield, and the moderate deviation
of the emission spectra indicates different characteristics for the two systems, as shown in
Figure 1A. Indeed, a simple visual observation of the systems, with a blue laser pointer,
already indicates the rapid evolution of red emission in HyO, whereas the amount of
time required for D,O is more prolonged, at least one day. Blue luminescence (centered
at 440 nm) appears in both systems but is relatively larger in normal water. Two days
after setting the pH (pD) to neutral (performed two days after the preparation at alkaline
conditions), the systems show drastic changes in their luminescence spectra (Figure 1B).
The red emission becomes intensive and turns into the prevalent range. The previously
observed blue fluorescence is also present but is not the characteristic feature anymore.
Interestingly, the red emittance of the D, O system is significantly higher than H,O. These
differences reflect in the fluorescence quantum yield values, which are 0.035 in the presence
of D,O and 0.024 in the H,O system.

All spectra in Figure 1 can be described by three distinct bands, with the maxima
slightly blue-shifted when the deuterated solvent was used. One may conclude that at
pH (pD) =~ 7, after longer conditioning the samples at pH (pD) ~ 12 (shown in Figure 1B),
the fluorescence yields increase by a factor of ten, while the red emission bands become
much more intensive. The maximum of the lowest energy band is shifted to red with
conditioning, especially for D,O (requiring longer relaxation time). In the case of the
conditioned samples, the deuteration of the solvent results in a 50% increase in fluorescence
yield, partly resulting from the broadening of the red band. The concomitant blue and red
luminescence intensities were followed through several days. The ageing time-course of
the red luminescence showed drastically different characters in the two aqueous systems.
The red luminescence showed high intensity in normal water after 2 d; then, the values
reduced significantly. However, in D,0O, the increase in red luminescence took several days,
indicating a longer formation time for the more effective red emission with the concomitant
configuration of BSA-Au conjugates.
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Figure 1. Corrected fluorescence spectra of BSA-Au conjugates in normal (black lines) and heavy
water (red lines). In (A), the arbitrary intensities are multiplied by a factor of ten, compared with (B),
the luminescence was detected just 2 h after reaching pH (pD) = 12, whereas in (B), after conditioning
the samples at pH (pD) = 12 for 2 d, and subsequently neutralizing to pH =7 (pD ~ 7) (2 d). (The
dotted lines indicate an approximate resolution of the reddest band and the other two bands together.).
3.2. Fine Structural Perturbations Observed by Infrared Spectroscopy
Possible conformational changes of BSA, following preparation steps and lumines-
cence development, were inspected by ATR-FTIR spectroscopy. We focused on the amide
I and amide II band regions (from 1750 to 1350 cm '), belonging to the C=0, and N-H
and N-C vibrations of peptide bonds from protein backbones, respectively, as shown in
Figure 2A.
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Figure 2. Amide I and amide II regions of IR spectra obtained from BSA—-AU bioconjugate samples
in H,O (A) and in D,O (B). Spectra are normalized to the highest amide I peak and shifted vertically

for improved visualization.

Amide I, composed mainly from the C=0O vibration of the peptide bonds, is sensitive
to the H-bonding network of the protein backbone. Consequently, by band deconvolu-
tion [23,24], the secondary structure of proteins can be deduced (Table 1). At pH = 12, the
BSA structure in the BSA—-Au bioconjugate is dominated by random coils and (3-sheets,
resulting in a broad amide I band with a peak at 1647 cm~!. These results align with
our previous observation at pH = 12, when the BSA backbone became extended with
loose unordered parts [12]. The multiple-band structure of amide II also confirms the
open, elongated protein geometry with exposed COO~ groups of amino acid side chains
(affirmed by the shoulders at 1571, 1502 cm ™1, and the band around 1404 cm ™). Compared
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to the spectrum of the native BSA [12], however, the relative increase in intensity suggests
that Au ions may interact with the exposed, negatively charged carboxy groups of the
elongated protein.

Table 1. Secondary structure of BSA-Au conjugate system in H,O estimated by the deconvolution of
amide I IR band (expressed in %, the peak position of the component bands is provided).

B3-Turns «o-Helix Loose a-Helix Random Coil 3-Sheet Inter. 3-Sheet
1687 cm~! 1656 m~! 1651 cm ™! 1648 cm 1 1638 cm ! 1611 cm ™!
pHI12 17 - 74 9 -
pHI12 (2 d) 35 23 - 42 -
pH7 2 h) 32 33 - 33 2
pH7 2 d) 27 - 41 - 29 3

After 1d, a slight “reorganization” of protein structure can be observed, reflected by
the amide I peak shift toward a higher wavenumber (from 1647 to 1650 cm~!). However,
more significant spectral changes are witnessed upon adjusting the pH to neutral (pH =
7). The amide I band peak is shifted toward 1654 cm ™!, presuming a dominantly helical
structure. The shoulder bands in the amide Il region, assigned to COO™ groups of the amino
acid side-chains also decrease. We assumed that protein refolding in BSA—-Au conjugates,
forced by H-bonds formation upon pH adjustment, might lead to the development of Au-
Au interactions. After 2 d, a “relaxation” occurs in the amide I peak, but no changes occur
in the amide II and side-chain band features. A detailed analysis after band deconvolution
also revealed the presence of intermolecular 3-sheets suggesting that Au association occurs
in the final state at pH =7 (Table 1).

Using D,0O as a solvent, due to the hydrogen/deuterium exchange, the IR spectra
of BSA-Au systems are different (Figure 2B). The amide I band of unordered protein
conformations appears at 1642 cm~!. The amide I band (N-H deformation vibration of
peptide bonds) at 1538 cm ™! is suppressed, and a new amide II" band (N-D deformation
vibration of peptide bonds) at 1431 cm ™! is raised. It is worth noting that the bands of
exposed charged carboxylate groups (at 1576 and 1499 cm ') are also observable. After 1
day, another slight ‘relaxation’ can be noticed; however, now the amide I’ peak is shifted in
the opposite direction, toward a lower wavenumber. It appears that in DO, disordered or
sheet-like protein structures are formed in the BSA-Au conjugate. By adjusting the pH (pD)
to 7, the alteration in spectral features resembles the BSA-Au/H,0 system with a stronger
contribution of helical conformations. After 2 d, however, the sheet-like or disordered
structure is favored (Table 2).

Table 2. Secondary structure of BSA-Au conjugate system in D,O estimated by deconvolution of
amide I IR band (expressed in %, with the peak position of the component bands).

B-Turns «o-Helix Loose a-Helix Random Coil 3-Sheet Inter. 3-Sheet
1687 cm~1 1656 cm™! 1651 cm 1 1648 cm ! 1638 cm 1! 1611 cm~?!
pD12 21 - - 70 - 9
pD12 (2d) 35 - - - 62 3
pD7 2 h) 29 1 - 70 -
pD7 (2d) 34 15 - 51 -

In conclusion, it seems plausible that in alkaline environments, the initial BSA-Au
interaction is also affected by the choice of solvent and influenced by the BSA’s geometry.
In a neutral state (pH = 7 and at pD ~7), a helical structure tends to form to different extents,
resulting in slightly different protein secondary structures. This finding aligns with the
significant fluorescence changes of BSA-Au conjugates.
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3.3. Conformational Changes of BSA—Au Conjugates Observed by Small-Angle X-ray and
Neutron Scattering

To receive insight into the global structure of the conjugate prepared in D,O, with
special emphasis on the BSA, we performed small-angle X-ray and neutron scattering
experiments. The X-ray scattering length density (SLD) is proportional to the atomic
number, whereas the neutron SLD depends on the neutron scattering cross-section of
nuclei. Thus, SANS and SAXS provide slightly different information on the two systems;
however, the scattering is likely dominated by protein scattering in both cases. Due to
the lesser amount of gold ions compared with proteins (13:1 Au ion to BSA molar ratio),
the scattering contribution of Au was expected to be negligible, even if concentrated in
small nanoclusters.

In Figure 3, the one-dimensional SAXS and SANS curves are presented. The radii
of gyration were determined by both the Guinier approximation and indirect Fourier
transformation (IFT) and are presented in Table 3 [25,26]. The forward scattering was also
determined by IFT. The radius of gyration for BSA in D,O is in good agreement with the
value of BSA in normal water [27]. Adding gold salt did not change this result significantly
(pD ~12, SANS result). However, adjusting the pD to 7 results in an increased radius of
gyration around 39 A, which coincides with the literature value for the BSA dimer [27].
SAXS yields slightly larger values than SANS for the same pD states. The reason for this
lies in differences between the X-ray and neutron techniques and the uncertainty of Rg
determination. The forward scattering of samples at pD ~7 is approximately double that of
pD ~12 for both SANS and SAXS, as shown in Figure 3 and Table 3. Since forward scattering
is proportional to the molar mass of the scattering objects, we concluded that dimerization
occurs during the neutralization because the concentration of the samples is the same. The
higher SAXS intensity (compared to SANS) results from the different scattering mechanisms.
We noted that dimerization did not occur in normal water, which is a significant difference
in the formation of BSA—-Au conjugates in the two water systems [12]. Figure 4 presents the
Kratky plots of the SAXS curves (taken on D,O systems). This representation emphasizes
the high-q region of the scattering curves, which is only reliable for SAXS because the
incoherent scattering of SANS experiments renders the background subtraction slightly
imprecise. The sample curve at pD ~12 increases with high g, which is characteristic to (at
least partially) unfolded proteins. However, at pD ~7, the Kratky plot exhibits a maximum
at low-g and plateau at high-g, indicating that the protein has folded.
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Figure 3. Small-angle X-ray and small-angle neutron scattering curves of BSA—Au conjugates at
pD ~12 and pD ~7.
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Table 3. Parameters obtained by the data evaluation of SANS and SAXS curves.

BSA pD7 SANS BSA-Au pD12 SANS  BSA-AupD7 SANS BSA-AupD12SAXS BSA-AupD7 SAXS
1(0) (cm™1) 0.037+1x 1073 0.076 £1 x 1073 0.200 £4 x 1073 0948 +£1 x 1073 1.970 + 0.026
RG (A) Guinier fit 28.440.9 27.140.1 383404 31.60 + 0.06 43.0 4+ 0.390
RG (A) IFT 29.75 £ 1.12 28.47 + 0.40 39.37 4 0.46 33.71 + 0.04 44.98 + 0.30
Fitting method DAMMIF SASREF DAMMIF SASREF  DAMMIF SASREF DAMMIF SASREF DAMMIF SASREF
X2 1.11 1.09 1.09 1.95 1.63 1.04 1.95 6.56 0.73 1.46
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Figure 4. Kratky representation of small-angle X-ray scattering curves of BSA—Au conjugates at
pD ~12 and pD ~7.

To reveal protein structural changes in the complex system caused by pH variation,
we performed ab initio modeling with DAMMIF and rigid-body refinement with SASREF
on curves obtained by SAXS and SANS [28,29]. The native BSA structure was grouped
into four linked domains (marked by different colors in Figures 5 and 6: domain I: residue
1-147 (blue), domain II: residue 148-300 (magenta), domain III: residue 301-495 (green),
and domain IV: residue 496-583 (orange). Ten runs were performed with DAMMIF and
SASREF, and the obtained structures were processed by DAMAVER [30]. For samples with
pH (or pD) adjusted to 7 and the presumed dimer structures, a P2 symmetry was imposed.
Additionally, the dimer structure was also fitted without requiring symmetry, but the fit did
not improve significantly. Therefore, we chose to keep the requirement on the P2 symmetry
since it decreases the degrees of freedom and yields more robust results.

The scattering curves of SASREF fits are shown along with measured ones in the
graphs on the left-hand side of Figure 6, while the corresponding models obtained by both
DAMMIF and SASREF on the right-hand side are aligned and overlaid. The resulting
structures from the two different simulation methods are in good agreement. As a reference,
the BSA in D,O without HAuCl, was also fitted. The structure of BSA in D,O resembles
normal water, as observed in our previous work [12]. From the SASREF fits of SANS curves,
we concluded that the four-domain structure satisfactorily describes the scattering data
(x? values are presented in Table 3), suggesting that the conformation of the protein is not
seriously affected by the gold salt. However, a relative change in the domains” arrangement
can be observed by adding HAuCly and increasing the pD to ~12. Adjusting the pD to
~7 allows for further change in the domains’ arrangement besides dimerization. To receive
insight into the motion of domains, we defined the ‘main axis’ of each domain by the
first and last amino acid of the domain. Then, the angles of two adjacent domains were
calculated according to their main axis for each sample in all 10 SASREF simulation runs,
averaged, and normalized to the appropriate angles of BSA in D,O without HauCly. The
changes in the domains” arrangement were similar in normal and heavy water. The results
presented in Figure 7 show that the relative position of domain I and II at pD 12 changes
significantly compared with pure BSA at pD 7. On the other hand, adjusting the BSA-Au
system’s pD value to ~7, and increasing the angles of two adjacent domains, similar to
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an opening, is further enhanced. No clear trend was observed in the relative positions
of domains II, I1I, and IV. These results suggest that the domain rich in Au(IIl) (or Au) is
localized between domains I and II. This finding is in good agreement with the recently
published work of Dixon et al., who claimed that the fluorophore is located on the fragment
of protein from residue 115-312 (almost perfectly covered by domain II in our case) based
on proteolysis of the BSA-gold conjugate.
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Figure 5. SANS curve of native BSA at pD ~7 and SASREEF fit (A-1), SANS curve of BSA-Au
conjugates at pD ~12 and SASREEF fit (A-2), SANS curve of BSA-Au at pD ~7 and SASREF fit (A-3),
obtained SASREF (cartoon) and DAMMIF (surface) structures (B-1-B-3).
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Figure 6. SAXS curve of BSA-Au conjugates at pD ~12 and SASREEF fit (A-1), SAXS curve of BSA-
Au conjugates at pD ~7 and SASREEF fit (A-2), obtained SASREF (cartoon) and DAMMIF (surface)
structures (B-1,B-2).
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Figure 7. Enclosed angle by domain I-II, II-1II, and III-1V obtained by SASREF from SANS (A) and
SAXS (B) curves.

3.4. Dynamic Light Scattering

Apart from some methodological uncertainties and unknown diluting effects in-
evitable by measuring, dynamic light scattering also shows differences in the solvation
effect between normal and heavy water. Although the BSA parent system is not the main
subject of our present work, it is reasonable to recall its apparent size difference in the
two solvents. In normal water, native BSA shows a small mean hydrodynamic diameter
(approx. 37 A) at pH =7, extending to a significantly larger value (approx. 99 A) at pH=12
due to unfolding. These diameters show similar values in heavy water (38 and 81 A,
respectively). In the presence of Au(Ill) ions in water, the characteristic value decreases
from 131 A to 115 A if the pH value changes from 12 to 7. Hydrodynamic diameters show
drastically different tendencies in heavy water as the value increases from 126 A to 233 A
upon neutralization (Table 4). We observed that the latter value was practically halved
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(119 A with 70.7% polydispersity) after a mild ultrasonic treatment, indicating the existence
of BSA-Au conjugate dimers which can fall apart in the D,O matrix.

Table 4. Hydrodynamic radius of the BSA—Au and BSA systems in H,O and D,0O at given pH (pD)
values. The polydispersity index is also given in %.

BSA BSA  BSA-Au BSA-Au BSA BSA BSA-Au BSA-Au

pH7 pH12 pH12 pH7 pD7 pD12 pD12 pD7
Diameter, Dy, (A) 37 99 131 115 38 81 126 233/119*
Polydisp. (%) 57.7 16.7 23.8 27.5 41.0 19.9 21.5 15.9/70.7 *

* after ultrasonic treatment.

Besides the good agreement with model calculations (presented in Figures 5 and 6),
comparing radii of gyration to the mean hydrodynamic diameters also provides the same
conclusion. One must consider that SAXS and SANS measure the “compact cores” of
conjugates uninfluenced by the hydration layer. Radii of gyration increased by about
40% after neutralization in DO (Table 4). A decrease was observed in a previous study
from 44.7 A to 37.5 A in H,O, which aligns with our present DLS data and strengthens
the fact that dimerization does not occur in the normal water system. The fluorescence
measurements met this finding since the red emission spectrum in the D,O system is wider
than that in HyO, emphasizing structural differences in the two systems. Supposedly, the
extended dimer conjugates contribute to energy transfer mechanisms and, finally, increase
the quantum yield in heavy water.

4. Conclusions

Our experimental studies revealed that red fluorescence’s evolution is not exclusively
related to protein—-gold interactions and is strongly influenced by hydration effects. The
perturbation differences in hydration processes induced by the hydrogen-deuterium iso-
tope effect were revealed by fluorescence and infrared spectroscopies. The fine structural
changes observed were manifested in the luminescence behavior. Since the conformation
of the protein is highly affected by the (actual) H(D)-bond network, the medium appears
to play an important role in the conformation-related optical properties. Indeed, the fluo-
rescence quantum yield of the BSA-Au conjugates in heavy water increased significantly
(50%) compared with normal water-containing matrix. Collaterally, the alterations of
fine atomic structures observed with IR spectroscopy are in rapport with the conforma-
tional changes appearing at significantly larger dimensions. The use of a single rigid-body
model is admittedly a crude one; however, the changes in the scattering curves induced by
choice of medium (H,O or D,0), as well as the pH (or pD), were found to be much larger
than the effects of conformational dynamics of the protein, justifying the use of a single,
representative conformational model for the dynamic ensemble in all cases [31].

The choice of medium slightly affects the overall protein conformation. The trend
of domain motion upon adjusting the pH in alkaline and neutral intervals is the same
in both water systems, with only the first two domains affected by the interaction with
Au. Dimer formation in BSA-gold conjugates at pH = 7 and even pD ~7 was observed
with scattering techniques. The connected fine structural, configurational, and optical
features may indicate that the developed BSA—gold ion bioconjugates (sensitive to several
kinds of external perturbations) are similar to associates of polyelectrolyte and gold ions,
rather than “robust” compact nanoclusters attached to the BSA protein. The versatility
of the occurring energy transfer in these associates may explain the observed complex
luminescence features.
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Abstract: Surface modification has served as an efficient approach to dictate nanocluster struc-
tures and properties. In this work, based on an Agy, nanocluster template, the effects of surface
modification on intracluster constructions and intercluster packing modes, as well as the proper-
ties of nanoclusters or cluster-based crystallographic assemblies have been investigated. On the
molecular level, the Agy; nanocluster with larger surface steric hindrance was inclined to absorb
more small-steric chlorine but less bulky thiol ligands on its surface. On the supramolecular level,
the regulation of intramolecular and intermolecular interactions in nanocluster crystallographic
assemblies rendered them CIEE (crystallization-induced emission enhancement)-active or -inactive
nanomaterials. This study has some innovation in the molecular and intramolecular tailoring of
metal nanoclusters, which is significant for the preparation of new cluster-based nanomaterials
with customized structures and enhanced performances.

Keywords: atomically precise nanoclusters; surface modification; intramolecular configuration;
intermolecular packing; optical properties

1. Introduction

Metal nanoclusters, bridging between small-sized molecular complexes and large-
sized plasmonic nanoparticles, have attracted considerable attention owing to their atomi-
cally precise structures and excellent electrical, optical, and catalytical properties directed
by the discrete electronic energy level as well as the structure-dependent quantum con-
finement effect [1-16]. The monodispersed sizes, precise compositions, and accurate
configurations of metal nanoclusters make it possible to investigate the relationship be-
tween their structures and properties. In addition, the attainable structure—property
correlations further enable the rational construction of new nanoclusters with customized
performances [17-22]. In this context, the regulatable intramolecular structures and inter-
molecular packing modes render metal nanoclusters or cluster-based nanocomposites
prominent nanomaterials for atomic engineering and further practical applications [23—
29].

The past few decades have witnessed great research efforts of the control over intra-
cluster structures/compositions and intercluster aggregates [17-20,23-27]. Specifically,
the intramolecular control of nanoclusters touches upon the manipulation of their metal-
ligand compositions and bonding environment at the single molecular level, while the
intermolecular control of nanoclusters refers to the manipulation over their aggregating
patterns among several cluster molecules in amorphous or crystallographic forms [30].
Several control methods, including (i) intracluster approaches (e.g., ligand exchange [31-
34], heteroatom alloying [35-39], and molecular charge regulation [40—42]) and (ii) in-
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tercluster approaches (e.g., cluster-based metal-organic framework [43-46], aggregation-
induced emission [47-49], and intercluster metallophilic reaction [50,51]), have been
exploited to control clusters or their assemblies and to dictate their properties. Of note,
the intracluster and intercluster controls are not a binary separation, but an interrelated
and inseparable whole to regulate the nanocluster system simultaneously. In this context,
the intracluster regulation of nanoclusters may alter their aggregating patterns at the
supramolecular level, and vice versa [52]. The profound cognition of the correlation
between molecular and supramolecular chemistry of nanoclusters offers great opportuni-
ties for the fabrication of novel nanoclusters or cluster-based hybrids with customized
properties.

Herein, a new Agy; nanocluster, formulated as Ag(S-Adm)o(DPPM),Clg (abbreviated
as Agpr-L1, where S-Adm = 1-adamantanethiol and DPPM = bis(diphenylphosphino)methane),
was synthesized and structure-determined by X-ray single-crystal diffraction. The combi-
nation of this Agy nanocluster and a previously reported Agy(SPhMe;)12(DPPE)4Cly
(abbreviated as Agp;-L2, where SPhMe, = 2,5-dimethyl thiophenol and DPPE = 1,2-bis
(diphenylphosphino)ethane) constructed a platform to investigate the effects of surface
modification on intramolecular constructions and intermolecular packing modes, as well
as the properties of nanoclusters or cluster-based crystallographic assemblies. On the
molecular level, because of the larger surface steric hindrance of Agy,-L1 relative to
Agpr-L2, the Agry-L1 surface contained more small-steric chlorine but fewer bulky thiol
ligands. On the supramolecular level, Agy>-L2 displayed intramolecular and intermolec-
ular interactions in its crystallographic assembly, while these interactions were absent in
the Agy-L1 crystal. Agpy-L2 was CIEE (crystallization-induced emission enhancement)
active while Agj>-L1 was CIEE inactive. The optical absorptions and emissions of these
two Agy, nanoclusters were also compared.

2. Materials and Methods

Chemicals. All reagents were purchased from Adamas Reagent (Shanghai, China) and
used without further purification: silver nitrate (AgNO3, 99%, metal basis), 1-adamantanethiol
(HS-Adm, 97%), 2,5-dimethyl thiophenol (HS-PhMe;, 97%), bis(diphenylphosphino)methane
(PhyP-CH,-PPhy, DPPM, 98%), 1,2-bis(diphenylphosphino)ethane (PhyP-C,Hs5-PPhy,
DPPE, 98%), sodium cyanoborohydride (NaBCNH3, 99.9%), methylene chloride (CH,Cly,
HPLC grade), methanol (CH3OH, HPLC grade), ethyl ether ((C,Hs5)2O, HPLC grade),
and n-hexane (Hex, HPLC grade).

Synthesis of Agy(S-Adm);o(DPPM)4Clg (Agp-L1). Specifically, 60 mg of AgNO3
(0.36 mmol) and 40 pL of H,PtClg (0.2 g/mL; 0.015 mmol) were dissolved in 20 mL of
CH3O0H and 1 mL of CH3CN. Then, 40 mg of DPPM (0.1 mmol) and 30 mg of HS-Adm
(0.18 mmol) were added. After stirring for 30 min, 100 mg of NaBCNHj3; (1.59 mmol;
dissolved in 2 mL of MeOH) was added. The reaction was allowed to proceed for 5
h. After that, the mixture in the organic phase was rotavaporated under vacuum and
washed several times by MeOH and Hex. Then, 10 mL of CH,Cl, was used to extract the
obtained Agz;-L1 nanocluster. The yield is 30% based on the Ag element (calculated from
AgNO3). Of note, although Pt did not exist in the final Ags,-L1, the absence of Pt sources
resulted in the failure of the nanocluster synthesis (Figure S1). Such a phenomenon has
also been observed in previous works [53].

Synthesis of Agy(S-PhMe;)12(DPPE)4Cly (Agx-L2). The preparation of Agy)
(S-PhMe,)12(DPPE),Cly was based on the reported method of the Pradeep group [54].

Crystallization of Ags,-L1. In order to accelerate the crystallization process and
improve the crystal quality, the counterions (i.e., C17) in the Ags;-L1 nanocluster were
replaced by SbFs~ [55]. The reaction equation was [Agy,(S-PhMe;)12(DPPE)4Cl4Cl, +
2 SbFs™ — [Agpn(5-PhMe,)12(DPPE)4Cl4J(SbFg), + 2CI7. Nanoclusters were crystallized
in a CH,Cl, /ether system with a vapor diffusion method (Table S1).
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3. Results

The Agp;-L1 nanocluster was synthesized by directly reducing the Ag-SR-DPPM com-
plexes by NaBCNHj3 (Scheme S1; see more details in Materials and Methods). The electrospray
ionization mass spectrometry (ESI-MS) measurement was performed to verify the molecular
composition and to determine the valence state of the Agp-L1 nanocluster. As shown
in Figure S2, the mass result of the nanocluster exhibited an intense peak at 2897.54 Da.
The excellent match of the experimental and simulated isotope patterns illustrated that
the measured formula was [Agzz(S—Adm)lo(DPPM)4C16]2+. The “+2” valence state of
the nanocluster matched well with the existence of (SbFs)~ counterions in the crystal
lattice, i.e., the molar ratio between the cluster and the counterion was 1:2, as depicted in
Figure S3. According to the valence states of Agy,-L1, its nominal electron counts was
determined as 4e [56], i.e., 22(Ag) — 10(SR) — 6(Cl) — 2(charge) = 4e, the same as that of
Ag»-L2 [54]. Moreover, the chlorine ligands in Agy;-L1 were proposed to originate from
the HpPtClg or from the CH,Cl, solvent, which has also been discovered in previously
determined nanoclusters [57-60].

Structurally, the Ags,-L1 nanocluster contained an Agjg kernel which comprised
two distorted trigonal bipyramidal Ags units via an edge-edge vertical assembling mode
(Figure 1A,B). Then, two Agy(S-Adm)3(DPPM);Cl; surface units capped the Agjg kernel from
the same side via Ag-S or Ag-Cl interactions, giving rise to an Agj4(S-Adm)s(DPPM),Cl, struc-
ture (Figure 1C,D). The other unprotected side of the Agjy kernel was further stabilized
by two Agy(S-Adm),(DPPM);Cl, surface units, making up a Agig(S-Adm);o(DPPM)4Clg
structure (Figure 1E,F). Finally, four Ag atoms acting as bridges linked these surface
units via S-Ag-S interactions, yielding the final Agy,(S-Adm);o(DPPM)4Clg framework
(Figure 1G,H). Because of the asymmetry of surface units in Ags>-L1, especially the asym-
metrical arrangement of peripheral thiol and chlorine ligands, no symmetrical element
was observed in the Agp;-L1 nanocluster framework (Figure 11 and Figure S4).

A\ . ® (R (D)
Y
- +2x Agz(SR)a(DPPM)|6||

Ag,, kernel

Assembly of two Ag, units Ag,.(SR),(DPPM),CI
(E)

2

+2x
Ag,(SR),(DPPM) CI,

F)

(G)

+ 4xAg
bridge

Ag,,(S-Adm), (DPPM),ClI, Ag,,(SR),(DPPM),Cl,

Figure 1. Structural anatomy of the Agy,-L1 nanocluster. (A,B) The Agjy kernel, constituted
by assembling two Ags units. (C) Two Agy(S-Adm);(DPPM),Cl; surface units. (D) The Agya(S-
Adm)g(DPPM),Cl, structure. (E) Two Agy(S-Adm),(DPPM);Cl, surface units. (F) The Agjs(S-
Adm);o(DPPM)4Clg structure. (G) Four Ag bridges. (HJI) Overall structure of the Agy(S-
Adm);o(DPPM),Cly nanocluster. Color codes: blue/light blue/orange sphere, Ag; red sphere, S;
magenta sphere, P; green sphere, Cl; grey sphere, C; white sphere, H.
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The overall constructions of Agy-L1 and Agpy-L2 nanoclusters were almost the
same. However, because of the different steric hindrances of ligands in these two nan-
oclusters (i.e., S-Adm and DPPM in Ags,-L1; S-PhMe, and DPPE in Agpy,-L2), these two
nanoclusters displayed some structural differences:

(i) For the kernel structure: the average Ag-Ag bond length in bipyramidal Ags of
Agr-L1 was 2.824 A, much shorter than that in Agx-12 (i.e., 2.933 A) In addition, the
average Ag-Ag bond lengths between these two Ags bipyramids were 2.870 and 2.937 A
in Agy-L1 and Agpy-L2, respectively. In this context, due to the larger surface steric
hindrance of Agj,-L1 relative to Agas-L2, the Agj( kernel of the former nanocluster was
compressed.

(ii) For the surface environment: the biggest structural difference between the
two Agp nanoclusters lay in their surface ligand environments in terms of the pro-
portion of the chlorine in peripheral ligands. Specifically, the Agy;-L1 nanocluster con-
tained 10 thiol and 6 chlorine ligands, while Ags,-L2 included 12 thiol and 4 chlorine
ligands (Figure 2). As shown in Figure 2A,B, a thiol ligand at the specific location on the
Agpy-L2 surface was substituted by a chlorine ligand in Agpy-L1. Another thiol ligand at
the symmetrical position was also replaced by chlorine. Such a substitution from bulky
thiol to small-steric chlorine was reasonable by considering that the more compact surface
environment on Agpp-L1, resulting from the bulkier DPPM and S-Adm ligands relative to DPPE
and S-PhMe,, was unable to host as many bulky thiol ligands as Agp,-L.2 (Figure 2C,D). More-
over, several intramolecular noncovalent C-H---7t and 7t-- -7t interactions were observed
in the Agpy-L2 structure, which was advantageous to the compact packing of its surface
ligands [54]. By comparison, none of such noncovalent interactions was observed in
Agpy-L1, which might be another reason that more small-steric chlorine but fewer bulky
thiol ligands were arranged on the Agp;-L1 nanocluster surface.

(A) (B)

Figure 2. Structure comparison between Agy,-L1 and Agj;-L2 nanoclusters. (A) Cluster frame-
work of the Agy,-L1 nanocluster with Cl ligands at specified locations. (B) Cluster framework of
the Agp2-L2 nanocluster with SR ligands at specified locations. (C) Spacefill packing of the Agpy,-L1
nanocluster with a S-Adm ligand at the specified surface vacancy. (D) Spacefill packing of the
Agpr-L2 nanocluster with two S-PhMe, ligands at the specified surface vacancy. Color codes: light
blue sphere, Ag; red sphere, S; magenta sphere, P; green sphere, Cl; grey sphere, C; pink/white
sphere, H.
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The Agay-L1 cluster entities were crystallized in a triclinic crystal system with a P-1
space group, whereas the Aga,-L2 cluster entities were crystallized in a tetragonal crystal
system with an I4, /a space group. Both nanoclusters followed a lamellar eutectic packing
pattern between R-nanocluster and S-nanocluster enantiomers in the crystal lattice; however,
due to their distinct crystal systems, the interlayer distances were different: 26.561 A of
Agr>-11, and 28.957 A of Agry-L2 (Figure 3 and Figure S5). Of note, there are equal
R-nanocluster and S-nanocluster enantiomers in the crystal lattice, and the crystalline
material of the nanocluster was racemic. Furthermore, owing to the existence of several
benzene-rings in the Ags»-L2 nanoclusters, strong intracluster and intercluster interactions
occurred, including C-H-- 7 interaction and 7-7 stacking [54]. In vivid contrast, these
interactions were absent within the Agp,-L1 nanocluster or among Aga»-L1 cluster entities
(Figure S6).

(A)  R-nanocluster enantiomer (B) S-nanocluster enantiomer ®

Figure 3. Crystalline packing of the Agoy-L1 nanoclus-
ter molecules. (A) Structure of the R-nanocluster enantiomer.
(B) Structure of the S-nanocluster enantiomer. (C-E) Packing of the Agy,-L1 molecules in
the crystal lattice: view from the x axis (C), y axis (D), and z axis (E). The inter-layer distance along
with the z axis is 25.561 A. Color codes: blue/ light blue sphere, Ag in R-nanocluster enantiomer;
blue/orange sphere, Ag in S-nanocluster enantiomer; red sphere, S; magenta sphere, P; green
sphere, Cl; grey sphere, C; white sphere, H.

The Ag,-L1 nanocluster (dissolved in CHCl,) exhibited three intense absorptions
centered at 368, 494, and 635 nm (Figure 4A). By comparison, the UV-vis spectrum of
Agy;-L2 displayed several peaks at 445, 512, and 670 nm (Figure 4A). The blue shifts in the
optical absorptions of Ags,-L1 relative to Aga-L2 resulted from the different electronic
structures of the two Agp nanoclusters. The CH,Cl, solution of Ags,-L1 emitted at
650 nm, while the emission of Ag>-L2 was located around 670 nm (Figure 4B). The 20
nm blue-shift and 1.2-fold enhancement of the emission of Agy-L1 relative to that of
Agpy-L2 resulted from their different electronic structures. Indeed, these two nanoclusters
displayed different optical absorptions, demonstrating their distinguishable electronic
excitations and HOMO-LUMO energy gaps (HOMO: the highest occupied molecular
orbital; LUMO: the lowest unoccupied molecular orbital). In addition, the different
electronic excitations endowed these two nanoclusters with distinct emissions.
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Figure 4. Comparison of optical properties between two Ags, nanoclusters. (A) Com-
parison of optical absorptions between Agp-L1 (black line) and Ags;-L2 (red line). (B)
Comparison of emissions between Agps-L1 (black line) and Agp-L2 (red line). (C) Emis-
sion spectra of Agpy-L1 in the solution (black line), amorphous (red line), and crystalline
(blue line) states.

The Agp-L2 nanocluster was CIEE active owing to the presence of extensive intramolec-
ular and intermolecular interactions in its crystal lattice [54]. In this context, the emission
intensity of Agp,-L2 in the crystalline state was remarkably higher than that of the nan-
ocluster in the solution or the amorphous state. By comparison, the Ags,-L1 was CIEE
inactive since no significant enhancement in emission intensity was observed (Figure 4C).
Actually, the Agpy-L1 in the amorphous or crystalline state was almost non-emissive.
Such a striking contrast was reasonable considering that the intramolecular and inter-
molecular interactions were absent in the crystal lattice of Aga,-L1, as mentioned above.
The investigation of the Agj, nanocluster system promoted the understanding of the
crystalline packing mode and the CIEE of cluster-based nanomaterials.

4. Conclusions

In summary, a new Agp, nanocluster, formulated as Agy,(S-Adm);o(DPPM)4Clg,
has been synthesized and structurally determined, which constituted an Agp, cluster
system together with the previously reported Ag(S5-PhMe;);2(DPPE)4Cly. Based on
this Agyy cluster system, the effects of surface modification on intracluster constructions
and intercluster packing modes, as well as the properties of nanoclusters or cluster-
based crystallographic assemblies were investigated. The Agy nanocluster with larger
surface steric hindrance was inclined to load more small-steric chlorine but fewer bulky
thiol ligands on its surface. Moreover, the Agy; nanocluster, which embodied several
intramolecular and intermolecular interactions in cluster crystallographic assemblies,
was CIEE active; by comparison, the Agy nanocluster without such interactions was
CIEE inactive. This work provides new insight into the surface modification of metal
nanoclusters and its effects on intramolecular configuration, intermolecular packing, and
optical properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11//2655/s1, Scheme S1. Synthetic procedure of the nanocluster; Figure S1. Comparison of optical
absorptions of the nanocluster synthesis; Figure S2: ESI-MS result of the [Ag2» (SPhMez)lz(DPPE)4Cl4]2+
nanocluster; Figure S3. Crystalline unit cell of the [Agy,(SPhMe;)12(DPPE)4Cly](SbF¢), nanocluster;
Figure S4. Overall structure of the [Agy(SPhMe;,)12(DPPE)4Cl4](SbFg),; Figure S5. Crystal unit
of Agpy-L2; Figure S6. Two adjacent Agp,(SPhMe;);2(DPPE)4Cly nanocluster molecules in the crystal
lattice; Table S1. Crystal data and structure refinement for the [Agy (SPhMejy);2(DPPE);Cly](SbFe),
nanocluster.
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Abstract: Aggregation-induced emission (AIE)-type metal nanoclusters (NCs) represent an innovative
type of luminescent metal NCs whose aggregates exhibit superior performance over that of individuals,
attracting wide attention over the past decade. Here, we give a concise overview of the progress made
in this area, from design strategies to applications. The representative design strategies, including
solvent-induction, cation-induction, crystallization-induction, pH-induction, ligand inheritance, surface
constraint, and minerals- and MOF-confinement, are first discussed. We then present the typical practical
applications of AIE-type metal NCs in the various sectors of bioimaging, biological diagnosis and therapy
(e.g., antibacterial agents, cancer radiotherapy), light-emitting diodes (LEDs), detection assays, and
circularly polarized luminescence (CPL). To this end, we present our viewpoints on the promises and
challenges of AIE-type metal NCs, which may shed light on the design of highly luminescent metal NCs,
stimulating new vitality and serving as a continuous boom for the metal NC community in the future.

Keywords: aggregation-induced emission; metal nanoclusters; luminescent nanoclusters

1. Introduction

Metal nanoclusters (NCs) typically possess sub-2 nm metal cores consisting of a few
to a hundred metal atoms that are protected by an organic ligand monolayer [1-3]. They
are a rising star in the nanoparticle community due to their significance in both basic and
applied research (e.g., as the missing link between atoms and nanocrystals, for the utiliza-
tion of their intriguing molecular-like properties, including discrete electronic transitions,
and for quantized charging) [4-7]. Among various properties, luminescence is the most
attractive property of metal NCs. Because of their facile preparation, ultrafine size, low
toxicity, high renal clearance, and excellent photostability, luminescent metal NCs have
recently emerged as a novel class of chromophores, holding great promise for practical
applications in lighting, imaging, sensing, and so on [8-13].

However, highly luminescent metal NCs are curtailed by the comparatively limited
knowledge of their fundamental aspects. In particular, the complexity, diversity, and muta-
bility in terms of their total structures preclude an in-depth understanding of their emission
origin. Because of their unclear size/composition effects and the puzzling underlying
mechanism of their luminescence, there has been limited success in attaining the desired
improvement and tailoring the luminescence property of metal NCs, thus greatly limiting
their boom in practical applications [14-16]. In this scenario, with continuous efforts in the
community, Xie et al. first presented the aggregation-induced emission (AIE) of metal nan-
oclusters in 2012, which allows for an extraordinary strength in their emission intensity and
stability [17]. In detail, the authors designed a new family of ultrabright Au(0)@Au(I)-SR
(SR: deprotonated thiol ligands) core-shell NCs by preserving a high content of Au(I)-SR
complexes in the protective shell. In this way, the intra-/intermolecular vibration and
rotation of surface motifs can be effectively suppressed, giving rise to a minimization of
non-radiative decay and hence the improved luminescence performance of metal NCs.
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Thereafter, AIE-type metal NCs have been a recognized concept and a well-developed
topic in both the fundamental and practical sectors of luminescent metal NCs (Figure 1).
In the scheme of AIE-type metal NCs, over the past decade, several significant design
strategies have been identified at and beyond the single-cluster level [18-20]. Their practical
applications have been well proven in broad fields and cross-disciplines. Therefore, we
deploy this review by viewing AIE-type metal NCs from their design strategies to their
practical applications (Figure 2). Together with our overviews on the promises and chal-
lenges of AIE-type metal NCs, we try to offer a brief and in-depth discussion on AIE-type
metal NCs in order to increase the acceptance of AIE-type metal NCs in various related
communities in chemistry and materials science.
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Figure 1. The increasing number of publications on AIE-type metal NCs over the years between
2012 and 2022 (data statistics from the Web of Science in January 2023, using keywords of AIE and
metal nanoclusters).

AIE-type Metal NCs

Figure 2. Schematic illustration of AIE-type metal NCs from the design strategies to the applications.
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2. Design Strategies of AIE-Type Metal NCs

AlIE is an extraordinary luminescence concept, which was first proposed by Tang
in 2001 to illuminate an interesting photophysical phenomenon: the polymeric state is
brighter than the dispersed state [21]. In particular, restricted intramolecular motion (RIM)
has been proved to be the general mechanism of AIE [22]. Normally, many AIE molecules
contain molecular rotors and /or vibrators. In a solution state, these rotors and vibrators can
rotate and vibrate flexibly to consume the excited state energy, resulting in AIE molecules
being nonemissive or weakly emissive. Meanwhile, in an aggregate state, intermolecular
interactions restrict the rotation and vibration, causing radiative decay to dominate the
energy dissipation of the excited state [23-25].

Since Xie et al. introduced the concept of AIE into metal NCs in 2012 [17-19,26],
the family of AIE-type metal NCs has grown over the past decade: from a single-cluster
level to the beyond-single-cluster level, from small molecules to macromolecules, from the
solution state to the crystalline state, from condensed oligomeric complexes to scaffold
confinement-induced materials, etc. Accordingly, in this section, we rationally categorize
and discuss AIE-type metal NCs by focusing on their construction strategies.

2.1. Solvent-Induced AIE

Solvent-induced AIE is a representative strategy to trigger the aggregates from isolated
metal NCs by generally altering the solvent polarity. Xie et al. successfully designed the
first AIE-Au(0)@Au(I)-SR NCs based on this strategy by introducing ethanol (a weakly
polar solvent) into water [17]. The formation of aggregates can be attributed to two reasons:
(i) the addition of the ethanol destabilizes the Au(I)—thiolate compound, resulting in charge
neutralization; (ii) the amplification of the Au(l)---Au(l) interaction to provide momentum
for aggregation. The luminescence properties of aggregates strongly depend on the ag-
gregation degree, which can be expressed by the formula fe = vOlethanol / VOlethanol+water-
The solution exhibited non-emission before f. > 75%; when f. increases from 75% to 95%,
the aggregates began to form, emitting weak red radiation; finally, the solution turned
clarified and emitted very strong yellow luminescence at fe > 95%, as shown in Figure 3a—c.
Upon aggregate formation, owing to the multiple intra- and inter-complex interactions
(Au(I)---Au(I) interactions and van der Waals forces), intramolecular rotations and vibra-
tions are limited, therefore enhancing the luminescence. Moreover, the blueshift mechanism
is interpreted as the increase in Au(l)---Au(I) distance, because the inter-complex aurophilic
interactions are stronger than intra-complex interactions.

Au(I)x(SR)x+1 (SR = glutathione), recently proposed by Xie et al., is another typical case
to demonstrate the importance of solvents for the preparation of AIE-type metal NCs [26].
Serial AIE-type Au NCs were reported in this work, that is, the aggregates of Auyo(SR)10,
Au;5(SR)13, Augg(SR)14, and [Aups(SR)13]~ (Figure 3d). Except for [Aups(SR)13]~ NCs,
the quantum yield of Aujo(SR)19, Aui5(SR)13, and Aujg(SR)14 was heightened at 11.4%,
4.9%, and 3.7%, respectively, as fe increased from 75% to 95%. The strong emission can
be attributed to the restricted molecular motion due to the adequate interactions between
Au(I)-thiolate motifs. As for emission energy, Aujo(SR)109, Auy5(SR)13, and Auyg(SR)14
blue-shifted by 15, 9, and 6 nm, respectively, and [Aup5(SR)1g]~ red-shifted by 167 nm.
The average Aul-Aul distance is affected by the competition with intra- and inter-motif
aurophilic interactions, which ultimately influences the emission peak position. A similar
phenomenon was observed in Cu NCs by the Patra group, where the solvent-induced
aggregation strategy was adopted to tune the emission peak and enhance the emission
intensity of Cuss_3(SG)16—13 (Figure 3e,f) [27]. When f. = 90%, the emission intensity
enhanced 36-fold, which was associated with a 28 nm blue-shifting (624 — 597 nm).
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Figure 3. (a) Mechanism model of solvent-induced AIE phenomenon of Au(0)@Au(I)-SR NCs. (b) Dig-
ital photos and (c) photoemission spectra of Au(0)@Au(I)-SR with different f,. Reprinted /adapted
with permission from Ref. [17]. 2012, copyright American Chemical Society. (d) Luminescence
spectra (left) and the corresponding digital photos (right) of Au;oSRjp, Auj5S5R;3, AujgSRyy and
[AupsSRyg]~ with a different fraction of ethanol and water. Reprinted /adapted with permission from
Ref. [26]. 2020, copyright Wiley-VCH. (e) Digital photos and (f) PL spectra of Cuss—_32(SG)16—13 with
different f,. Reprinted /adapted with permission from Ref. [27]. 2019, copyright American Chemical
Society. (g) Photoluminescence spectra of (i) MeOH, (ii) MeOH /water (30/70), and (iii) MeOH/water
(10/90). (h) Mechanism model of possible aggregate forms of MeOH /water at low (i) and high (ii) WC.
Reprinted /adapted with permission from Ref. [28]. 2020, copyright American Chemical Society.

Sugiuchi et al. reported the AIE phenomenon on a diphosphine-ligated [Aug]?* cluster
by regulating the water contents (WC) [28]. The emission intensity decreased first and
then increased by increasing the WC from 0% to 90%. Specifically, the aggregation at the
water-rich conditions increased luminescence by 20 times (Figure 3g). The luminescent
performance of the aggregates is highly dependent on the WC, which can be divided into
the following three zones: (i) Zone A (WC < 40%), in which the cluster molecules separate
off from each other and randomly orient themselves due to the weak attractive hydrophobic
interactions (Figure 3h(i)). The concentration quenching would occur at this stage. (ii) Zone
B (40% < WC < 70%) is the transition stage of zone A to zone C, in which the cluster
molecules will ulteriorly agglomerate, resulting in severe concentration quenching. (iii) In
zone C (70% < WC < 90%), the clustered molecules are tightly packed, thus suppressing the
molecular motion and vibration to enhance luminescence (Figure 3h(ii)). Very recently, the
Li group also discovered the AIE phenomenon in Cu(I)-based cyclic trinuclear complexes
(Cu()-CTC) [29]. These NCs exhibit no photoluminescence in pure tetrahydrofuran until
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water is added. In particular, Cu(I)-CTC with a near-unity PLQY was obtained when
VOlwater / VOlyater+THE = 90%. As a result, the molecular forces including C—H:--C/C—H:--t
interaction are the main reasons for the cluster aggregation and thus the non-radiative
decay reduction.

2.2. Cation-Induced AIE

Like solvent-induced AIE, cation-induced AIE of metal NCs has also been well devel-
oped, due to the variations, rotations, and other movements of ligands and complexes that
can be restrained by surface charge neutralization and crosslinking. In particular, silver-
doped Au(0)@Au(I)-thiolate NCs are an important example of cation-induced AIE; their
emission is greatly enhanced by four times [30]. The Ag-doped Au NCs’ lifetimes are 2.03,
5.16, and 52.2 ps, which is longer than pristine Au NCs, demonstrating that the additive sil-
ver can crosslink Au'-GSH motifs to facilitate the evolution of denser aggregates. A similar
phenomenon was observed in the system of [Angu25_X(PPh3)10(SC2H4Ph)5C12]2+ (200-fold
quantum yield boosting) [31] and Au-doped Agyo(BDT)1, (TPP)4 (26-fold quantum yield
boosting) NCs [6].

In addition to coinage metal ions, group 1B metal ions (Cd** and Zn?*) have also been
used to promote the AIE process. Xie et al. utilized Cd?* to induce the aggregation of Au(I)-
thiolate complexes based on the electrostatic and coordination interactions between Cd?*
and GSH [17]. Kuppan et al. observed that non-luminescent 3-mercaptopropionic acid Au
NCs can achieve strong yellow emission (10°-fold improvement) by the incorporation of
Zn?* [32]. As depicted in Figure 4a, the self-assembly of Au NCs was efficiently induced by
Zn?* through two main ways: (i) the strong complexation of Zn?* with negatively charged
carboxyl (i.e., COO™) groups by the charge screening effect, enhancing the rigidity of the
Au(l) thiolate shell; (i) Zn?* crosslinking with surrounding Au NCs to form tight aggregates
upon the force of van der Waals interactions. These interactions hinder the vibrations and
rotations of ligands, significantly decreasing the non-radiative relaxation. Another example
of a Zn** cation-induced AIE is based on Auy(MHA); (MHA = 6-mercaptohexanoic acid)
NCs [16]. The aggregated Aus(MHA), exhibits ultrabright greenish-blue emission centered
at 485 nm, with a narrow FWHM of 25 nm and a high QY of 90%. Similarly, the assembled
mechanism is attributed to the interactions between the COO™ in the MHA ligand and
Zn%*, which rigidify the surrounding environment of Augs(MHA)4 NCs.

Recently, researchers have focused their attention on the rare earth ions. Luminogen
ATT-AuNCs (ATT: 6-aza-2-thiothymine) are discussed here as a representation [33]. It was
discovered that the luminescence properties of ATT-Au NCs significantly depend on the
pH. Decreasing the pH results in the red-shift of emission spectra (from 520 to 535 nm)
and significant PL quenching (Figure 4b). Sc* exhibits Lewis acidity and can stabilize the
ICT state, thus being used to induce aggregation of ATT-Au NCs. The addition of Sc**
not only makes the spectrum red-shift, but also promotes the PLQY enhancement (from
0.2 to 5.5%). As a result, the role of Sc** mainly includes three aspects: enhancing the
ICT state; triggering the interaction between Sc>* and the surface ligand to form the RIM
process; constructing a donor-bridge-acceptor (DBA) structure by linking ATT-AuNCs
and minocycline (Figure 4c,d).

2.3. Crystallization-Induced AIE

Crystallization-induced emission (CIE) may be treated as a derivative of AIE. In
general, the active intramolecular motion (vibrations and rotations) in the solution state
dissipates the energy of the excited state through non-radiative relaxation channels, leading
to luminescence quenching. However, the intramolecular motion is restricted in the solid
state, which minimizes energy consumption [34]. Crystallization can achieve a transition
from liquid to solid, that is, by physical constraints and intermolecular interactions to lock
the molecular conformations and hold them together. Zhu et al. presented the first CIE
metal clusters in 2017. The bimetallic NCs were protected by (diphenylphosphino)methane
(DPPM) and 2, 5-dimethylbenzenethiol (SR), which provided a guiding strategy to build up
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(d)

the AIE-type metal NCs [35]. The solution of AusAg;3(DPPM)3(SR)g is almost non-emissive
(QY: ~4.1 x 107°), whether in CH,Cl, or MeOH, but its amorphization and crystalliza-
tion are fluorescent. The QY value of crystallization and amorphization is 653-fold and
278-fold higher than that of the solution state, respectively. In the solution state, the weak
interactions and random collisions of the solvent dissipate the exciton energy and reduce
luminescence. In the crystalline state, however, the inherent tri-blade fan configuration
and multiple C-H- - - 7t interactions effectively restrict the molecular vibrations and rota-
tions. CIE sliver-based NCs, [Agzz(dppe)4(SR)12Cl4]2+, were discovered in subsequent
years by the Pradeep group. There exist multiple C—H:--7t and 7t-- -7 interactions between
phenyl groups in these NCs’ crystals, enhancing their luminescence in the crystalline state
by 12 times compared to the amorphous state [36]. Two examples of CIE copper-based
NCs, Cup(C3H3N)glo (1) and Cu(CyHgN)sP (2), are shown in Figure 4e. After grinding,
the intermolecular 7t---7t interactions between adjacent ligands were breached, leading
to a 42.2% and 13.4% decrease in QY of complexes 1 and 2, respectively [37]. Recently,
Bakr et al. have observed a crystallization-induced emission enhancement phenomenon in
[Cuy5(PPh3)s(PET)13]** (PET = 2-phenylethanthiol, PPhs = triphenylphosphine) [38]. When
Cu NCs are dissolved, they present almost non-luminescence; however, crystallization
makes the molecules luminescent (Figure 4f). The QY value of the crystalline state is 3.2%,
which is much higher than that of the solution state (0.1%). It is worth pointing out that
the “tri-blade fan” structure configuration plays an important effect in controlling the
structural rigidity. In addition, the compact C-H---7r and 7t---7t interactions of ligands jointly
contributed to the AIE performance.

Wavelength (nm) Wavelength

Figure 4. (a) Graphic illustration of self-assembly based on coordination effect of Zn?* ions with
different binding levels. Reprinted /adapted with permission from Ref. [32]. 2017, copyright Royal
Society of Chemistry. (b) Photoemission spectra of ATT-AuNCs in different pH buffers. (c) Photolumi-
nescence decay of ATT-AuNCs and Sc3*-ATT-AuNCs. (d) The binding model of Sc3* to ATT-AuNCs.
Reprinted /adapted with permission from Ref. [33]. 2022, American Chemical Society. (e) PL spec-
tra of crystalline and ground samples of complexes 1 and 2. Reprinted /adapted with permission
from Ref. [37]. 2019, copyright Royal Society of Chemistry. (f) PL spectra of [Cuy5(PPhy)6(PET)131%*
NCs in crystalline and solution state. Reprinted/adapted with permission from Ref. [38]. 2021,
copyright Wiley-VCH.
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2.4. pH-Induced AIE

The pKa of ionizable groups strongly affects the structure and activity of molecules,
which determines the state of the complex in water: solution, gel, or suspension. In other
words, the aggregation of metal NCs would be pH-dependent in most cases. Bimetallic
Au-Cu GSH NCs (GSH: glutathione reduced), for example, show a typical pH-dependent
AIE phenomenon [39]. They are weakly fluorescent in neutral or alkaline EtOH/aqueous
solution, whereas regulating the pH < 5 produces intense radiation at 584 nm. This
aggregation is assigned to the COO~ and NH3" interactions between electron-donating
groups in a lower pH. However, in neutral or alkaline conditions, negative charges exhibit
strong electrostatic repulsion, resulting in the dispersion of clusters. As a result of structural
similarity, the pH-induced AIE phenomenon of GS/C-Au NCs (GS/C: glutathione and
citrate) was discovered by Tao’s group, which benefits from the changes in surface charge
density [40]. In those NCs, three noticeable features were observed in the process of
regulating pH: (i) the luminescence intensity of GS/C-Au NCs was positively correlated
with their surface charge density at 4.1 < pH < 5.6; (ii) when pH > 8.66, the luminescence
intensity began to decrease due to the formation of carboxylate groups; (iii) when pH > 9.12,
the Au(I)---Au(l) interaction was destroyed, because the bonds between the thiol group
and Au(l) begin to dissociate, resulting in a further decrease in luminescence. Huang
et al. explored the AIE mechanism by adjusting the pH to determine the charge state of
ligands on Cu NCs [41]. As the pH was adjusted to alkaline, the structure of Cu NCs
changed from the aggregate to the solution state, and the luminescence performance
decreased significantly. The high pH makes the ligand of Cu NCs form a deprotonated
state (COO—), which suppresses the formation of aggregates. Similarly, Ag NCs have
been verified to achieve aggregation-induced emission based on the same mechanism.
A typical case was exemplified by Zhou et al. in 2018, who demonstrated that the weak
emission in TSA-Ag NCs (TSA: thiosalicylic acid) was dramatically improved in an acidic
environment [42]. In summary, the pH-induced AIE offers a simple and efficient route to
optimize the performance of metal NCs.

2.5. AIE Inheritance from Ligands

Using the AIE properties of organic ligands to endow clusters with AIE activity is
an ordinary and remarkable strategy to construct AIE-type metal NCs. 3,5-dimethyl4-(4-
(1,2,2-triphenylvinyl)benzyl)-1H-pyrazole (DTBP), a typical AIE luminogen, was selected
as an organic ligand for the synthesis of the polymeric clusters M3(DTBP); (M = Cu, Ag or
Au) by Mak and co-workers [43]. These clusters showed similar blue-green emission and
lifetimes and a strong AIE response in solution. In the solid state, a 7.55-fold QY boosting
was found (from 1.59% to 12.01%). From the perspective of structure, each pyrazolyl group
connects two metal ions by pp—11, 17 ligation type, which constructs a stable triangular
structure. Moreover, molecular layers are stacked in an ordered arrangement, with an
interlayer spacing of Cus, Agz and Auj of 3.37, 3.26, and 3.45 A, respectively (Figure 5a).
A stable structure restricts the intermolecular motions, thus reducing the non-radiative
decay and improving AIE intensity. 4-(3,5-dimethyl-1H-pyrazol-4-yl) benzaldehyde (HL)
was selected as a ligand to form clusters, because its structure is similar to DTBP [44].
Cul-HL exhibits AIE behaviors with a 20-fold fluorescent enhancement when it aggregates,
which is ascribed to the multiple intermolecular hydrogen bonds and rigid structure. Very
recently, Perruchas et al. prepared two [CuglsL4] copper iodide clusters, with PPhy(CgHs-
CH,OH) and PPh,(C3Hy) as ligands, showing AIE photophysical behaviors in solution
and obviously enhanced luminescence intensity in the solid state [45]. Interestingly, the
decay lifetime was significantly prolonged, and the biexponential was transformed to
monoexponential with the formation of a solid-state phase, which can be ascribed to the
suppression of non-radiative relaxation in a rigid state.
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Figure 5. (a) Schematic representing the crystal structure of M3 and interlayer stacking struc-
tures of Aug, Agz and Cuj. Reprinted/adapted with permission from Ref. [43]. 2019, copy-
right Royal Society of Chemistry. (b) Mechanism model of TPP dissociation-aggregation process.
Reprinted /adapted with permission from Ref. [46]. 2018, copyright Royal Society of Chemistry.
(c) Mechanism model of binding TOA to Auy,(SG);g and a digital photograph of Auy,(SG)ig and
TOA-Auy;. Reprinted/adapted with permission from Ref. [10]. 2015, copyright American Chemical
Society. (d) Mechanism model of the Arg-mediated ATT-AuNCs. Reprinted/adapted with per-
mission from Ref. [47]. 2017, copyright American Chemical Society. (e¢) Mechanism model of the
solvent-induced stage of Ag NCs. Reprinted /adapted with permission from Ref. [48]. 2017, copyright
American Chemical Society.

2.6. Surface Constraint-Induced AIE

As a key component of AIE-type metal NCs, the restraining action of surface ligands
can give a more rigidified molecular conformation, thereby preventing energy loss and max-
imizing emission efficiency. Thus, the better AIE performance of clusters could be triggered
by adding mutually constrained ligands. A representative example is Agg(BDT)12(TPP)y
NC (BDT: 1,3-benzenedithiol; TPP: triphenylphosphine), reported by Zhu et al. in 2018,
which exhibited obvious red fluorescence [46]. However, adding additional TPP in the
DMEF of Agy9(BDT)12(TPP)4 can significantly increase the luminous intensity (about 13-fold,
from 0.9% to 11.7%) (Figure 5b). The main reason for this phenomenon is that the TPP
dissociation—aggregation stage on the cluster surface is prevented, due to the excess TPP
ligands. The as-paired ligands/molecules rigidify the out-shell ligands and motifs to reduce
nonradiative relaxation decay in LMCT and LMMCT processes. Based on the strong inter-
molecular and ion-pairing forces between glutathione (GSH) and T-tetraoctylammonium
(TOA), the Lee group achieved rigidity of the Auyy(SG)1g shell (Figure 5¢) [10]. The mea-
sured QY value for the Aup-TOA NCs was 62%, which is nine-fold higher than that of
Auyy NCs (~7%). The better fluorescence behavior in Auy,-TOA is attributed to the sup-
pressed nonradiative relaxations by TOA cations, which is demonstrated by the extended
decay lifetime (from 380 ns to 2.44 ps). In 2017, the Chen group incorporated L-arginine
(Arg) on 6-aza-2-thiothymine (ATT)-protected Au NCs to yield supramolecular host-guest
assemblies [47]. As shown in Figure 5d, a strong hydrogen-bonding interaction was formed
based on the guanidine group of Arg and ATT, keeping these clusters’ surface rigid and
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suppressing the intramolecular rotation and vibration of ATT. As a result, the Arg/ATT-Au
NCs show an excellent QY (65%), which is much better than that (1.8%) of ATT-Au NCs.
Endowing ligands with multiple interaction sites to anchor metal cores can effectively
enhance the structural rigidity of metal NCs. Zhang et al. obtained two Ag(I) carbonyl
clusters: PMVEM-Ag NCs and PMAA-Ag NCs (PMVEM: polymethyl vinyl ether-alt-
maleic acid; PMAA: poly(methacrylic acid)), which showed distinct AIE photophysical
behaviors [48]. Both PMVEM-Ag NCs and PMAA-Ag NCs show a short decay lifetime
(1.0 ns) and poor QY values (1.0%) in water solution. The precise control of the aggregation
degree is realized by adding dimethyl sulfoxide (DMSO) as a solvent. For PMVEM-Ag
NCs, as DMSO is gradually added to water, the spectral peak gradually splits from a broad
emission band (500 nm) to two peaks (460 and 530 nm). Moreover, the intensities of these
two new peaks are enhanced by 3-fold and 54-fold, respectively. In particular, the 530 nm
emission peak shows a long decay lifetime (97.1 ps) and higher QY (40%), which is different
from the intrinsic fluorescence. Hydrogen bond evolution is the main factor affecting the
aggregation of carbonyl groups. As shown in Figure 5e, in water, the interaction of carbonyl
with a metal core is significantly weaker than that of water and carboxyl, which inhibits
the aggregation of carbonyl. Meanwhile, in the DMSO solution, the strong hydrogen
bond interactions are weakened, creating dense aggregation of the carbonyl groups on
the surface of the metal nucleus, finally resulting in a strong electron delocalization effect.
For PMAA-Ag NCs, DMSO fails to achieve delocalized electrons’ conjugation between
carbonyl groups because of the large steric hindrance effect of methyl groups in PMAA.

2.7. Mineral-Confined AIE

Minerals, with unique topology, uniform micro-pores, and abundant acid-base sites,
can effectively anchor metal NCs’ surface ligands to improve the AIE. Zeolites are an
excellent candidate, because their spatial structure can be easily adjusted by changing
coordination properties, total charge, and surface counter-ions. Inducing silver NCs into the
rigid cavities of zeolites to trigger excellent luminescence properties has been an effective
strategy. As an example, (AgosNag)"[Als5Si17504g] (referred to as FAUY[Agg5]) was
prepared by calcining the combined parent zeolite and silver nitrate aqueous solution
at 450 °C in the air [49]. The PLQY rises to near unity based on the regulation of non-
framework metal cations, which is the highest QY of Ag clusters reported so far in the
zeolite framework. Agy(HyO0)x>* was presented by Marta and co-workers in 2018; its
structure is shown in Figure 6a [50]. This structure produces long decay lifetime triplet
emission from a superatom quantum system constructed by hybridized silver atoms and
oxygen orbitals. Lievens et al. studied this material in detail, including the crystal structure
and the ultrafast electron dynamics [51]. Temperature-induced emission tuning of silver-
loaded zeolite from green to white was reported by the Li group in 2019 [52]. It was clear
that the luminescence color was related to the Ag state: green emission comes from Ags"™,
and white emission comes from (Agp)* and (Ag*)s.

Layered double hydroxides (LDHs) with adjustable interlayer space can anchor guest
molecules (such as metal NCs) in periodic long-range ordered arrays. The confinement of
LDH can promote aggregation and restrict the movement of clusters, further enhancing
the electron-hole pairs’ recombination efficiency and fluorophore luminescence intensity.
The first report of 2D LDH-confined gold NCs dates back to 2015, when (Au NCs/LDH),,
films were obtained by a layer-by-layer assembly process (Figure 6b) [53]. Much stronger
QY (from 2.69 to 14.11%) and a longer average decay lifetime (from 1.84 to 14.67 ps)
were observed for (Au NCs/LDH), complexes. In detail, the COO™ group in Au NCs
was adsorbed by LDH nanosheets due to hydrogen bonds and host—guest electrostatic
interactions, which inhibit the rotation and vibration of Au NCs, further resulting in boosted
optical performance. In the following year, the same group constrained Au NCs using
2D exfoliated layered double hydroxide (ELDH) nanosheets to attain a QY of 19.05% [54].
Chromotropic acid (CTA) and LDH-confined Ag NCs (CTA-AgNCs/LDH) are another
representative case of mineral-confined AIE of metal NCs, reported by Jin et al. in 2016 [55].
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Based on the confinement effect of host—guest interactions, the CTA-AgNCs/LDH shows
a high QY of 12.08% with an emission peak at 565 nm, which is much better than CTA-
Ag NCs with a QY of 2.15% at 540 nm. Moreover, the Jia group observed a 14-fold QY
improvement (from 0.11 to 14.27%) after achieving the assembly of Cu NCs and LDH [56].
The improved fluorescence intensity was attributed to the electron-hole being trapped in
the quantum well structure of LDH.

2.8. MOF-Confined AIE

Metal-organic frameworks (MOFs) have proven to be an excellent carrier for metal
NCs due to their ideal pore size, high loading capacity, abundant surface ligands, and
cluster-based metal nodes. Metal NCs were rigidified in MOFs, which effectively limited
nonradiative transition caused by intramolecular vibration and rotation, finally gener-
ating intense luminescence. A classical and interesting case presented by Zang et al.
demonstrated the anchoring effects of MOF well [57]. By using 4,4’-bipyridine (bpy) to
replace the CH3CN ligands, [(Ag12(S'Bu)s(CF;CO0)4(bpy)a)]n (Agiobpy) with high sta-
bility (>1 year) and QY (12.1%) was constructed. From the perspective of structure, the
bidentate ligands of bpy act as bridges to link Agj, clusters to form a double-layer structure
in the a and b directions. Moreover, the double-layer structure is stacked in the ¢ direc-
tion, forming an ordered arrangement and a structurally rigidified composite framework
(Figure 6¢). The enhanced luminescence was achieved mainly through the following factors:
(i) inhibited nonradiative relaxation decay; (ii) improved metal Au' to ligand bpy charge
transfer (MLCT), and (iii) improved ligand (S, O) to ligand (bpy) charge transfer (LLCT).
Further, Zang introduced a —NH; group based on Agj;bpy to obtain a fluorescence-
phosphorescence dual-emission cluster [58]. The 456 nm blue emission originates from
the amino group, and the yellow emission at 556 nm comes from the phenyl groups. The
lone-pair electrons of —NH, strengthen spin—orbit coupling, resulting in the phosphores-
cence lifetime increasing from 0.2 ps to 3.12 ms. In 2019, the Tang group reported an Ag
cluster (1> NDMAC, DMAC = dimethylacetamide) from the self-assembly of the AlEgens
1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)-ethene (tppe) and silver chalcogenolate cluster [59].
Interestingly, 1> NDMAC showed a fluorescence color transition from blue (470 nm) to
green (532 nm) when exposed to the atmosphere. Moreover, the fluorescence could return
to blue immediately with treatment with DMAC. The free rotation of conjugated groups
(e.g., phenyl and pyridyl) being restricted in the MOF is the fundamental reason for this
reversible fluorescence change.

Among various MOFs, Zeolitic Imidazolate Framework-8 (ZIF-8) is considered a promis-
ing candidate for encapsulating metal NCs. Two representative examples are Aups(SG)1g@ZIF-
8 and Auy5(SG)1/ ZIF-8, reported by the Shi group in 2018 [60]. The Auy5(SG)13@ZIF-8 was
prepared by intercalating Auys;(SG);g into the ZIF-8, and Aups(SG)1g/ZIF-8 was achieved by
impregnating Aups(SG)13 NCs on the surface of ZIF-8 (Figure 6d). For Auys(SG)3@ZIF-§, the
orientations of thiolate ligands were strictly restrained, thus showing similar luminescence as
Auys(SG)1g solids. Concretely, it exhibited red emission centering at 680 nm and a weak in-
frared emission. For Auys(SG)1g/ZIF-8, its fluorescence resembled Auy5(SG)1g NCs’ solution,
with a broad near-infrared emission (700-800 nm) accompanying a 665 nm red emissive. This
behavior was attributed to the coordination effect between Zn?* ions and surface carboxyl
groups. Other representative examples of ZIF-8-based NCs have also been reported, such as
Ag NCs-BSA@ZIF-8 [61], Ag NCs/ZIF-8 [62], Au NCs/ZIF-8 [63], etc.
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Figure 6. (a) Diagram of a hydrated Agy; NC-contained sodalite zeolite cage. Reprinted/adapted
with permission from Ref. [50]. 2018, copyright American Association for the Advancement of Science.

(b) Schematic representation of AuNCs’ luminescence enhancement. Reprinted /adapted with permission
from Ref. [53]. 2015, copyright Wiley-VCH. (c) Mechanism model of the preparation of Agj,bpy NC-based
metal-organic framework. Reprinted /adapted with permission from Ref. [57]. 2017, copyright Springer
Nature. (d) Mechanism model of the synthesis processes for Auys;(SG)1s@ZIF-8 and Auys(SG)1g/ZIF-8
nanocomposites. Reprinted /adapted with permission from Ref. [60]. 2017, copyright Wiley-VCH.

3. Applications of AIE-type metal NCs

AIE-type metal NCs retain both the excellent properties of metal NCs and AIE activity,
attracting a large amount of research on cutting-edge applications. Over the past decade,
plentiful sensory systems and optoelectronic devices have been studied based on AIE-type
metal NCs, including bioimaging, photodynamic therapy, light-emitting diodes (LEDs),
detection assays, circularly polarized luminescence (CPL), etc. In this section, we will
briefly describe the recent developments in this field.

3.1. Bioimaging

The high emission efficiency of AIE-type metal NCs (especially Au NCs), combined
with superior biocompatibility and little cytotoxicity, make them ideal candidates for
bioimaging. Among them, peptides and alkaloid-capped Au NCs are promising [64—68].
For example, the Cheng group showed the potential in deep tissue visualization by em-
ploying NIR-II Auy5(SG)1g (SG: glutathione) as translatable probes [69]. The Auys(SG)ig
significantly combines with hydroxyapatite (HA) of the bone matrix and shows the bone
structure in vivo in high resolution and contrast. Due to the ultrasmall size, these Au NCs
could be rapidly excreted and hardly accumulate in the liver and spleen. Qu and coworkers
designed nucleic acid-driven AIE-type Au NCs for telomerase detection with favorable
sensitivity [70]. As shown in Figure 7a, strand A was modified on the surface of Au
NCs through sulfhydryl groups and hybridized with telomerase substrate oligonucleotide
(TS primer). In addition, the hairpin structure will be opened and connected to strand
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B-modified Au NCs under the impact of telomerase, resulting in the aggregation of Au
NCs and thus enhanced fluorescence. In this vein, significantly, the in situ visualization of
telomerase activity in cells and in vivo can be achieved.

Based on pH sensitivity, Au NCs can be used to sense and monitor intracellular
pH [71]. Cao et al. confined Au NCs in MOFs to hold aggregation and limit the rotation
of ligands to enhance luminescence. Moreover, this complex was applied for real-time
monitoring of drug release in vivo due to its pH-dependent luminescence (Figure 7b) [63].
Au NCs-MOF is stable in neutral and alkaline environments but quickly decomposes in
acidic environments, resulting in reduced luminescence. Au NCs-MOF can transport drugs
(e.g., CPT: camptothecin) into cancer cells. Drugs and Au NCs escaped from the MOF due
to acidic environments (pH = 5-6) when CPT@Au NCs-MOF was close to cancer cells. Thus,
drug release can be monitored in real time via Au NCs luminescence. Ligand-functionalized
Au NCs can be used to target intracellular high reactive oxygen species (hROS, e.g., ¢OH,
CIO~, and ONOQO™) to prevent oxidative stress diseases [72]. Au NCs protected by
quaternary ammonium with oligopeptides as a linker have been developed by Jiang et al.
to be utilized for intracellular imaging (Figure 7c) [73]. The AuNCs became smaller, and
their valence changed from Au(0) to Au(l) after the hROS effect, which caused the loss
of fluorescence. To improve sensitivity and selectivity, the Quan group developed dual-
emission ratiometric fluorescent probes, CNC@GNCs RFP, consisting of Au NCs, cellulose
nanocrystals (CNCs), and nonluminous o-phenylenediamine (0-PD) [74]. Au NCs emit
blue fluorescence, and o-PD can be oxidized through hROS to form 2, 3-diaminophenazine
(o-PDox) to emit yellow fluorescence. Thus, based on the action of hROS, this probe can
achieve an obvious color transition. Zebrafish experiments confirm the probe’s potential for
biological applications in both tissue penetrability and ROS responsiveness (Figure 7d-f).
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Figure 7. (a) Mechanism model of telomerase-induced nanocluster assembly. Reprinted /adapted with
permission from Ref. [70]. 2021, copyright Royal Society of Chemistry. (b) Mechanism model of drugs
encapsulated into Au NCs-MOEF. Reprinted /adapted with permission from Ref. [63]. 2017, copyright
Royal Society of Chemistry. (c) Mechanism model of the one-step preparation of red-emitting Au
NCs. Reprinted /adapted with permission from Ref. [73]. 2018, copyright Wiley-VCH. (d—f) Selectivity
of CNC@GNCs RFP for hROS in vivo of different Zebrafish. Reprinted/adapted with permission
from Ref. [74]. 2022, copyright Elsevier.
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3.2. Biological Diagnosis and Therapy

Besides bioimaging, AIE-type metal NCs are promising candidates for biological
diagnosis and therapy, including antibacterial agents, cancer radiotherapy, and so on.

As early as 2013, the Xie group demonstrated that glutathione (GSH)-protected Ag NCs
can generate a high concentration of reactive oxygen against the bacteria pseudomonas
aeruginosa [75]. Furthermore, a higher antibacterial activity of Ag(I) than Ag(0) was
revealed, and the corresponding Ag NCs have been applied against gram bacteria [76]. In
2016, antibiotic-grafting Ag NC technology was developed, raising the level of antibacterial
ability (Figure 8a) [77]. D-Ag NCs can effectively destroy the bacterial membrane to
form larger pores and continuously generate ROS, resulting in strong damage to bacterial
DNA. There are also other antibacterial agents, such as Au NCs, which could interact
with bacteria to cause an imbalance in bacterial cell metabolism, resulting in increased
intracellular reactive oxygen species, and thereby killing bacteria [78-80]. Further research
found that the more negatively charged Au NCs, the more ROS produced, allowing for
a better bacterial killing efficiency (Figure 8b) [81].

The study of AIE-type metal NCs for the diagnosis and treatment of cancer is of great
value for both basic research and practical applications [82,83]. GSH-Augg_43(SG)27-37 [12],
GSH-Auys [84], and GSH-Au19-_12(SG)10—12 [85], for example, could increase tumor uptake
and targeting specificity via an improved EPR effect. Aug(Cy;Hyy0;)s was developed by
Zang et al. for a radiosensitizer (Figure 8c) [86]. Aug(Cp1H270,)s produced ROS after
X-ray exposure, causing irreversible cell apoptosis. Through rational structural design,
AlIE-type metal NCs can be used for photodynamic therapy (PDT) to achieve more effective
anticancer treatments. Liu and coworkers have designed amine-terminated, PAMAM
dendrimer-encapsulated Au NCs, which can consume H,O, through catalase in the phys-
iological pH range [87]. The possible mechanism was attributed to the fact that tertiary
amines are easily protonated in acidic solutions, resulting in pre-adsorption of OH on
the metal surface, thereby promoting catalase-like reactions. NIR-II-triggered PDT shows
significantly increased tissue penetration, bypassing the limitations of conventional PDT.
In the alkyl-thiolate Au NC@HSA /CAT system (HAS: serum albumin and CAT: catalase),
the Au NCs can generate singlet oxygen to trigger PDT under 1064 nm laser excitation.
Further, the HSA can improve the physiological stability of the nanoparticles. CAT is also
used to enhance the efficacy of PDT by triggering the decomposition of tumor endogenous
H,0; into oxygen (Figure 8d-e) [88]. In addition, other biomedical applications of Au
NCs have also been explored (e.g., for Parkinson’s disease treatment). N-isobutyryl-L-
cysteine (L-NIBC)-protected Au NCs significantly reversed dopaminergic (DA) neuron loss
in substantia nigra and striatum, preventing the fibrillation of a-Synuclein («-Syn) [89].
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Figure 8. (a) Schematic illustration of D-Ag NCs damaging bacteria. Reprinted/adapted with
permission from Ref. [77]. 2016, copyright American Chemical Society. (b) Influence model of surface
properties of Au NCs on antibacterial activity. Reprinted /adapted with permission from Ref. [81].
2018, copyright American Chemical Society. (¢) AugNCs for cancer radiotherapy via the ROS burst.
Reprinted /adapted with permission from Ref. [86]. 2019, copyright American Chemical Society.
(d) Mechanism model of prepare Au NC@HSA /CAT nanoparticles. (e) In vivo fluorescence images
of tumor-bearing nude mice taken at different time points. Reprinted/adapted with permission
from Ref. [88]. 2018, copyright Springer Nature.

3.3. Light-Emitting Diodes (LEDs)

With the advantages of high luminescence efficiency, excellent durability, and low produc-
tion costs, LEDs have led to innovations in the entire lighting industry. Normally, white light
can be achieved by combining UV /n-UV /blue chips with polychromatic phosphors [90-93].
The AIE-type metal NCs are highly emissive in the solid state and are thus promising for
LED phosphor applications [50,52]. Through ordered structure self-assembly technology,
AIE NCs with emission colors can be easily designed and generated. A white device with
color coordinates at (0.32, 0.36) was built by coating Cu and Au NCs on a 365 nm GaN LED
chip [94]. Zn-coordinated glutathione-stabilized NCs (ZnGsH-Au NCs) have been reported
for conversion layers. The device performance of its assembled LED showed (0.38, 0.38) of
the CIE index and a CRI value of 75 [94]. CPL NCs can also be prepared for LED devices.
For example, a circularly polarized light source was successfully realized based on copper(l)-
iodide hybrid clusters [95]. Highly quantum-efficient (>95%) chiral silver clusters AgsLs were
prepared into a WLED by combining 465 nm blue LEDs, which emitted nearly identical white
emission as commercial lighting systems (blue chips + YAG: Ce®*) [15].

Besides pc-WLED, the Zang group demonstrated that Au NCs (e.g., (AugLs)n/(AuaDy)n)
also have significant application potential in OLEDs [96]. (AusLi)n/(AusDy)n) was fabri-
cated into multilayer OLED devices with the configuration poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonic acid) (PEDOT: PSS) (50 nm)/enantiomers (50 nm)/1,3,5-tris(N-phenyl-
benzimidazol-2-yl)benzene (TPBi) (50 nm)/8-hydroxyquinolinolato-lithium (LiQ) (2 nm)/Al
by a solution process. The OLEDs had a maximum EQE and dissymmetry factor of 1.5% and
1.12 x 1072, respectively. Koen Kenne’s group reported ZEOLEDs based on silver-exchanged
zeolites [97]. They showed that the key factors affecting the device performance were the con-
centration of metal NCs and the degree of zeolite anode contact. Last year, Li and coworkers
introduced aggregation-enhanced Cus(L;)3 (L, = 4-hexyl-3,5-dimethyl-1Hpyrazole) acting
as an emissive layer into OLEDs [29], where the OLED exhibited red emission centering
at 610 nm, with a current efficiency (of 7.21 cd/A), a luminance (1200 cd/m?), as well as
EQE (4%).

3.4. Detection Assays

Because of the sensitivity of luminescence to the surrounding environment, AIE-type
metal NCs can be used as fluorescent probes to detect metal ions, small organic molecules,
polypeptides, amino acids, and proteins. For example, Au* ions have a high affinity for Hg?*
ions, which leads to the luminescence quenching of NCs [98]. Based on this principle, a series
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of clusters were prepared, such as lysozyme- [99], cytidine- [100], and protein-Au NCs [101]
for the detection of Hg?* ions, and the range of the detection limit was 0.5-60 nM. Similarly,
metal NCs can detect other metal ions such as Cu?*, Pb%*, Ag", Fe?* and so on [102-105].

The luminescence of Au NCs heavily relies on the valence state of Au, thus enabling
the detection of small molecules with redox properties. Chang et al. used cholesterol
oxidase (ChOx) to reduce cholesterol to H,O, and then quenched the luminescence of
BSA-Au NCs, thereby allowing for the quantitative detection of cholesterol. This approach
can detect cholesterol ranging from 1 to 100 uM, with a detection limit of 1.4 mM [106].
Glucose and doxycycline have also been detected through analogical means [107,108]. By
impregnating the Au NCs into glycol-chitosan (GC) nanogel, Au NCs@GC was developed
as an HpS detector by Wang et al. in 2018 [109]. The confinement effect significantly
improved sensitivity to aqueous sulfides. For amino acid and protein detection, metal NCs
are suitable due to the interaction between the clusters and the detected object. The surface
defects of Au NCs could be modified by cysteine to enhance luminescence, which allows
for the quantitative detection of cysteine [89]. Based on the static quenching and inner
filter effect (IFE), the fluorescent “on-off-on” of CQDs/Au NCs was achieved for detecting
Cd?* and L-ascorbic acid [110]. Protein enzymes can be detected through protein-Au NCs,
because the luminescence signal intensity of Au NCs will change when enzymes degrade
the protein templates [111,112].

3.5. Circularly Polarized Luminescence (CPL)

Polarization, as an intrinsic property of light, is a prerequisite for three-dimensional
optical display, remote sensing, spin information optical communication, circular polar-
ization tomography, and information encryption. Typically, CPL can be obtained when
non-polarized light passes through a quarter-wave plate. However, energy loss and com-
plex device structure restrict the popularization of this method. As an alternative efficient
pathway, chiral luminescent materials were used to produce CPL directly [113]. The ideal
CPL materials should have both a high quantum efficiency (QE) and a large g;,,,,, value.
The gj,;; value means the luminescence dissymmetry factor, which can be defined by
Equation (1) [114,115]:

2(I, — Iy)
I +Ig

where I} and IR represent the luminescence intensity of left- and right-CPL, respectively.
A high QE indicates efficient energy conversion, whereas the performance of common or-
ganic compound-based emitters is always poor due to the ACQ effect [116,117]. Fortunately,
the advent of AIE materials opens a window for CPL studies [118,119]. With the researchers’
efforts, AIE-type metal NCs have become a member of the CPL materials family.
Recently, Yao et al. worked on a design for highly efficient chiral hybrid copper(I)
halides NCs [95,120,121]. As shown in Figure 9a, R/S-CuyI,(BINAP), hybrid clusters
with a layered conformation were designed and synthesized [121]. Benefiting from the
biphosphine chelating coordination of chiral ligands, the stability of the chiral cluster was
greatly improved and could be dissolved in polar solvents such as dimethyl sulfoxide
(DMSO) to achieve solution processing. Further, with the assistance of polyvinylpyrroli-
done (PVP), hexagonal flake-like microcrystals with a high gy, (9.5 x 1073) were obtained
in an ethanol solution based on intermolecular interactions (Figure 9b). On the basis above,
Yao et al. synthesized high-performance CPL materials (PLQY: 32%, jm: 1.5 x 1072)
with the biomimetic non-classical crystallization (BNCC) strategy [95]. The main crys-
tallization process was revealed, involving nanocrystal nucleation, aggregation, oriented
attachment, and mesoscopic transformation (Figure 9¢c). Moreover, electrostatic interactions
and Van der Waals forces can induce these aggregated nanoparticles to assembly and chiral
adjustment. Thus, chiral polycrystals with different morphologies can be achieved by
adjusting the chiral center position, chain length, and concentration of ligands. In addition,

)

Slum =
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(R/S-MBA),CuCl, [122], (1-M/1-P),Cusl, [123], (R/S-MBA)4Cuyly [124], and other chiral
copper(l) halides also enrich the database of CPL materials.

Zang et al. incorporated (R/S)2,2-bis(diphenylphosphino)-1,1-binaphthyl on a BuSCu
copper source to yield the CPL material R/S-Cug [125]. In the aggregated state, R/S-Cuj dis-
plays notable circularly polarized luminescence (g;,,,,: 2 x 1072) due to the chiral structure and
AIE feature. The luminescence comes from metal cluster-centered (MCC) and triplet metal-to-
ligand charge-transfer (*MLCT) processes and is limited by the intramolecular motion mecha-
nism. Following that, in 2020, the authors further developed a copper cluster of [Cuj4(R/S-
DPM)g](PF¢)6 (R/S-Cuys) by modifying (R/S)-2-diphenyl-2-hydroxylmethylpyrrolidine-1-
propyne ligands [126]. The R/S-Cuyy dilute solution was non-luminescent and CPL inactive.
However, by choosing n-hexane as the solvent, the copper clusters formed well-dispersed
colloids of dense aggregates, showing strong red emission and CPL signals (g,,,: 1 x 1072),
as shown in Figure 9d. This luminescence enhancement is attributed to electrostatic inter-
action, C—H---m, C—H---E and O—H--F interactions of ligands, which could substantially
restrict the intramolecular rotations and vibrations. Besides Cu NCs, ultrasmall Au NCs, (e.g.,
L/D-[Aug(C9HgS,N)4], abbreviated as AugPLy and AuyPDy; and L/D-{[Aug(CgH19S:N)4l3}n,
abbreviated as (AuyL4)n and (AuyDy)n, also have significant CPL characteristics [96]. Both
AuyPLy/AuyPDy and (AuyLy)n/ (AugDy)n exhibited bright luminescence and were CPL active
Qum=7 % 1073) after adding poor solvent (H,O), with the QE increasing by 6.5% and 4.7%,
respectively (Figure 9e).
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Figure 9. (a) Mechanism model of the single crystal growth process of R/S-CuyI,(BINAP), hybrid mate-
rials (left) and image of the R-Cu,I,(BINAP), single crystal (right). (b) SEM image of R-CuyI,(BINAP),
hexagon platelet-shaped microcrystals. Reprinted/adapted with permission from Ref. [121]. 2021,
copyright American Chemical Society. (c) Mechanism model of the biomimetic non-classical crys-
tallization process. Reprinted/adapted with permission from Ref. [95]. 2022, copyright Springer
Nature. (d) Images of R-Cuyy4 in different n-hexane solutions. Reprinted /adapted with permission from
Ref. [126]. 2020, copyright Wiley-VCH. (e) Images of (AuyL4)n in dimethylformamide with 0-90% of
H;O. Reprinted /adapted with permission from Ref. [96]. 2020, copyright Springer Nature.
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4. Conclusions and Outlook

Looking back, AIE metal NCs have taken the first step in terms of preparation tech-

niques and practical applications. However, the current development of cluster chemistry
has not yet reached an unambiguous agreement on the AIE fundamentals of metal NC
luminescence. Moving forward, the research on AIE-type metal NCs will remain a scientific
hotspot. Herein, we elaborated our perspectives, including but not limited to:

Composition: Except for a few structural units for the synthesis of metal NCs, most
organic ligands and noble metals (e.g., Au, Ag, and their alloys) are scarce and/or
expensive. To accommodate large-scale production for commercial purposes, the
development of low-cost metal NC materials is necessary. For instance, the AIE
properties of copper, zinc, and other transition metal NCs are also worth designing
for a breakthrough, because of their similar electronic configurations (d1%1) and wide
range of oxidation states.

Structure: Regarding the development of metal NCs’ structural isomers, the following
issues need to be addressed urgently in the future: (i) how to synthesize and stabilize
novel structural isomers; (ii) how to rationally separate and structurally identify iso-
mers. For this, DFT calculation, SXRD, ESI-MS, UV-vis-NIR absorption spectroscopy,
and thin-layer chromatography techniques would help to address this issue; (iii) ac-
curately mapping the internal relationship between structure and AIE properties
at the molecular level, which will lay the foundation for prediction, clipping, and
preparation of excellent AIE metal NCs.

Property: The QY directly affects the future of metal NCs for application and commer-
cialization. In particular, some red- and infrared-emitting metal NCs still have a large
gap with commercial phosphors, which limits their application. Moreover, metal NCs
easily decompose or lose their luminescent activity, exhibiting terrible thermo-stability
and chemical stability under thermal and environmental stimuli. Some strategies,
such as conferring strong chemical bond forces between the metal core and ligands,
using MOF protection, etc., have improved stability. These measures are efficient to
a certain extent but cannot solve all the problems of this issue.

Mechanism: The current development of cluster chemistry has not yet reached an un-
ambiguous agreement on the AIE fundamentals of metal NC luminescence, such as:
(i) the correlation between metal NCs’ structural characteristics and AIE behaviors;
(ii) AIE concepts at the branch level in metal NCs such as aggregation-induced emis-
sion enhancement (AIEE) and clusterization-triggered emission (CTE); (iii) a clear
identification of similar overlapping topics between AIE-type metal NCs and other
metal counterparts. For example, the aggregation of metal nanoparticles supports the
emission of adjacently located emitter moieties, which has been well-developed in
systems such as cryosoret and soret colloid nano-assembly [127-130].

Applications: To explore the application potential of AIE metal NCs in related bio-
logical and medical systems, the development of water-soluble AIE metal NCs with
near-infrared emission or long afterglow luminescence is still in its infancy. In addi-
tion, there is an urgent need to develop metal NC-based optoelectronics devices to
serve practical applications in various sectors. Last but not least, the preparation of
high-quantum yield AIE metal NCs is necessary to develop their applications in the
latest technologies (such as photonic crystal-coupled emission for biosensors).

The AIE mechanism has been widely accepted and continuously improved upon in

the research community of luminescent metal NCs. However, quoting Laroche, to “have
achieved unremittingly, indomitable than when subjected to failure is more important”.
AIE and/or metal NCs researchers still have a long way to go to witness the fundamentals
and applications of AIE-type metal NCs. We are hopeful that this review will accelerate the
advancement of such promising research, as well as provide models or springboards for
many pending challenges in other cross-disciplines and research fields.
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Abstract: Gold nanoparticles (AuNPs) are continuing to gain popularity in the field of nanotech-
nology. New methods are continuously being developed to tune the particles” physicochemical
properties, resulting in control over their biological fate and applicability to in vivo diagnostics and
therapy. This review focuses on the effects of varying particle size on optical properties, opsonization,
cellular internalization, renal clearance, biodistribution, tumor accumulation, and toxicity. We review
the common methods of synthesizing ultrasmall AuNPs, as well as the emerging constructs termed
ultrasmall-in-nano—an approach which promises to provide the desirable properties from both ends
of the AuNP size range. We review the various applications and outcomes of ultrasmall-in-nano
constructs in vitro and in vivo.
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1. Introduction

Colloidal gold is the subject of ever-growing interest in the field of nanotechnology.
This is due to its versatility and tunability in terms of size, shape, and surface chemistry.
With a rigorous understanding of the properties of gold nanoparticles (AuNPs) comes the
ability to exploit them for a plethora of therapeutic and diagnostic applications.

Almost any material will display three distinct size-dependent ranges of properties,
in their atomic-, nano-, and bulk-scale [1]. Thus, most materials can feasibly exist as a
‘nanomaterial” between 1 and 1000 nanometers; however, to be of any practical use, its
properties must be precisely and reproducibly manipulated at scale and, under this criteria,
AuNPs excel. Various methods (chemical and physical) have been developed to accurately
control AuNP’s size (from 1 to 330 nm), shape (spheres, rods, stars, plates, cubes, cages, and
shells), surface chemistry, and optical-electronic properties. Furthermore, AuNPs are inert,
non-toxic, and can be made to be stable in a range of solvents and pH values, properties
which are desirable from a biological standpoint [2].

With progress into the tunability of almost every aspect of AuNPs comes the oppor-
tunity to investigate how varying each one of these properties independently will affect
the physicochemical properties and biological outcome of the particles. One of the easiest
and most effective ways to control the properties of AuNPs is by varying the size. There
are advantages and disadvantages for AuNPs in both the ultrasmall (<5 nm) and the nano
(5-1000 nm) size range, in terms of the optical properties, cellular uptake, opsonization,
toxicity, biodistribution, tumor accumulation, and excretability. This work will outline some
of the methods implemented to synthesize ultrasmall AuNDPs, the trends observed with
varying AuNP size, and finally, the approaches and applications of ultrasmall-in-nano—
a new construct which is able to combine the advantages from both ends of the size range.
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2. Effects of Varying Size
2.1. Effect on Optical Properties

Varying the size of AuNPs is one of the most straightforward and efficient ways to
alter the optical properties and enhance scattering [3]. AuNPs exhibit surface plasmon
resonance (SPR), meaning that, at a particular range of wavelengths, dependent on the
particles’ size and shape, they will display increased absorbance. This is a distinctly nano
property, not observed at either the atomic or bulk scale of gold [4]. This SPR band can be
exploited to create diagnostic techniques such as surfaced enhanced Raman spectroscopy
(SERS) [5] and spatially offset Raman spectroscopy (SORS) [6], and for therapeutic tech-
niques including photothermal therapy (PTT) [7] and photodynamic therapy (PDT) [8]. For
diagnostic and therapeutic applications, the SPR band should reside in a region known as
the phototherapeutic window—650-850 nm, a range of low absorbance by biomolecules in
human tissue, resulting in the high depth penetration of the incident laser light [9]. Unfortu-
nately, particles which exhibit this SPR band tend to be in the size range of 100-200 nm [10],
a size that would not be sufficiently excreted by the kidneys.

Generally, larger particles will have a more redshifted SPR peak compared to their
smaller counterparts [11]. Spheres in the ultrasmall size range (~5 nm) will exhibit SPR
peaks in the range of 515-520 nm and this will bathochromically shift to over 570 nm with
an increasing particle diameter beyond 100 nm [12]. This bathochromic shift is accompanied
by a broadening of the resonance [3,11].

It is also reported that SERS intensity increases with particle size [11], this is of huge
significance for theranostic applications of AuNPs as a stronger SERS intensity results
in particles which can be detected at lower concentrations and greater depth. Further
investigation is required to determine the interplay between particle size, laser wavelength,
and SERS intensity [11].

2.2. Effect on Opsonization

Nanoparticles, upon introduction to the bloodstream, collide with proteins, some of
which will bind to the particle, forming a biological identity known as a protein corona.
A fraction of these proteins will be opsonins, such as complement proteins [13] and an-
tibodies [14], which tag the particle for uptake by phagocytes and elimination from the
body. This is a vital aspect of the immune system and it is responsible for the removal of,
among other things, pathogens, diseased cells and protein aggregates [15]; however, this
phagocytosis leads to the undesirable reduced circulation time of nanoparticles. One of the
most successful approaches to avoid opsonization is by altering the nanoparticle’s surface
chemistry, for example, by PEGylation [16,17]; however, the particle’s size can also have a
dramatic effect.

It has been shown that, for nanoparticles and proteins of similar sizes, their attraction
resulting from van der Walls potential scales with the particles radii [18]. Therefore,
it follows that larger particles will experience a greater degree of opsonization, as has
been shown experimentally for particles with diameters of 7-22 nm [19]. The increased
opsonization can be explained in part by the increased surface area; however, this is not
a complete explanation, as it has been shown that the density of adsorbed proteins also
increases [20]. This trend would not be expected to hold indefinitely, since there reaches
a point where, due to the decreasing curvature, the particle’s surface is indistinguishable
from being flat from the perspective of a protein. Indeed, that size limit has been shown
to be on the order of 50 nm, after which the protein binding diminishes with increasing
size [21].

2.3. Effect on Cellular Internalization

It is usually desirable to either suppress or promote cellular internalization, depending
on the theranostic application. Suppression is generally advantageous if the application
does not require activity within the cell, for example, imaging or PTT; this allows efficient
elimination of the nanoparticle after it has served its purpose [22]. Conversely, the promo-
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tion of cellular internalization also has its applications, for example, the delivery of cargo
which acts intracellularly. However, when a system is designed to promote initialization, ef-
forts should be made to minimize systemic toxicity arising from non-specific internalization,
and this may be achieved by coating the particle with a targeting moiety [23].

Nanoparticles rely heavily on receptor-mediated endocytosis for cellular internaliza-
tion [24,25]. This results in the rate of internalization, with regards to nanoparticle size,
being governed by two opposing phenomena. Larger particles can bind to many cell-
surface receptors simultaneously, which leads a decrease in the Gibbs free energy, resulting
in the membrane wrapping around the particle. On the one hand, a smaller particle is only
able to interact with a few receptors at a time; this means that there is no risk of a localized
receptor shortage which would act to reduce the overall rate of particle uptake. Similarly,
larger particles require a greater surface area of the cell membrane to envelope the particle,
whereas smaller particles require a greater surface curvature of the cell membrane, neither
of which are favorable due to either kinetics or energetics, respectively. Several studies,
both theoretical [25-27] and experimental [28,29], have found the sweet spot for efficient
internalization to be around 25-50 nm. However, this range is heavily dependent on the
particles’ surface chemistry [30] and cell-line [31] being tested. More generally, 10-100 nm
is considered the optimal range for favoring internalization, where particles outside of this
range will suffer from one of the aforementioned phenomena.

2.4. Effect on Renal Clearance

The renal clearance of injected agents is desirable to avoid hazards resulting from the
accumulation and/or decomposition of said agents. In order for efficient renal clearance,
particles must poses a hydrodynamic diameter below that of the kidney filtration threshold
(KFT) of ~5.5 nm [32,33], a limit set by the size of the glomerular pores that filter blood
plasma. Particles of up to 8 nm may be filtered by the kidneys provided so that the particle
surface is positively charged; this is due to favorable interactions with the filtration barrier,
which are not present for neutral or negatively charged particles [34]. Particles that are
not able to be filtered by the kidneys will rely on the slower hepatobiliary pathway for
clearance, if they are to be excreted at all.

It is noteworthy that there exists a Goldilocks zone for the size of renally clearable
particles of approximately 1-5 nm; this is assumed to be due to fact that particles below
1 nm can enter the ~1 nm pores of the glomerular glycocalyx. This is evidenced by
the exponential decrease in rate of glomerular filtration with increasing particle size for
atomically precise AuNPs below 1 nm, where the size is inferred from the particles’ mass
as determined by electrospray ionization mass spectroscopy [35].

Multiple studies [36,37] have compared particles within the size range 1-5 nm to
particles larger than 5 nm and the findings are in almost unanimous agreement. That is,
larger (>5 nm) particles show low to undetectable levels in the urine as they cannot pass
through the glomerular pores, and significant levels accumulating in the liver and excreted
via the hepatobiliary pathway. Meanwhile, smaller (<5 nm) particles show higher rates
of excretion via both the renal and hepatobiliary pathways, where more than 50% of the
injected dose (%ID) is cleared in hours [38], rather than weeks [39] to months [40], for larger
particles. Notably, it is the hydrodynamic diameter, and not that of the solid core, which
determines the fate of a nanoparticle. This is nicely demonstrated by varying the molecular
weight, and therefore the thickness, of a PEG coating while maintaining a gold core size of
2.5 nm; the <5 nm hydrodynamic diameter particles showed preferential renal clearance,
while the >5 nm hydrodynamic diameter particles showed a decreased rate that would
be expected of larger particles [41]. The correlation of size vs. rate of excretion has been
shown to be exponential in nature [42], where particles of 2, 6, and 13 nm demonstrated
renal clearance efficiencies of 50, 4, and 0.5%, respectively, 24 h post-injection.
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2.5. Effect on Biodistribution

The biodistribution of nanoparticles is heavily impacted by not only the particle size,
but also the shape and surface chemistry; therefore, it is important to bear in mind that
the trends observed when changing any one of these parameters can be enhanced or
countered by changing one of the others. That said, all else being equal, there are significant
correlations between biodistribution and size. Figure 1 summarizes some of the ways in
which biodistribution is affected by the particles” properties.
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Figure 1. Approaches for modulating biodistribution of nanoparticles.

Generally, it is shown that smaller particles exhibit a more widespread distribution
than larger ones. One study compared the biodistribution of 10, 50, 100, and 250 nm
particles 24 h after intravenous injection [43]. They found detectable levels of the largest
particles (100 and 250 nm) in the blood, liver, and spleen, with negligible quantities (0.1 %ID)
in the kidneys; smaller 50 nm particles were further detected in the lungs and heart; and
only the smallest 10 nm particles were detected in the remaining tissues in the testis, thymus,
and brain, with a larger quantity (1 %ID) present in the kidneys. Across all sizes tested, the
highest organ accumulation was found to be in the liver. A similar study, comparing 15, 50,
100, and 200 nm particles, found almost identical results, with the exception that 50 nm
particles were additionally detected in the brain [44]; this may be attributed to the different
animal models and AuNP preparations used in the two studies [45].

2.6. Effect on Tumor Accumulation

For any cancer theranostic, it is necessary to achieve some degree of targeting. In
the case of diagnostic applications, a construct must be able to accumulate at the tumor
in order to distinguish it from healthy tissue and identify the tumor. For therapy, tumor
accumulation allows tissue damage to be focused on the diseased tissue to the greatest
extent possible, maximizing efficacy and minimizing adverse side effects.
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One popular approach is to functionalize the surface of constructs with tumor-targeting
antibodies, aptamers, peptides, or small molecules; however, this is outside of the scope of
this review; we refer the reader to the review “Active targeting of gold nanoparticles as
cancer therapeutics” [46] for an overview of the subject. Within the scope is the opportunity
for size-based passive targeting. Nanoparticles need to fall within a particular size rage
(40-400 nm [47]) in order to take advantage of the enhanced permeability and retention
(EPR) effect. The EPR effect leads to passive preferential accumulation in tumor tissue
due to a combination of the leaky vasculature, compared to the continuous endothelial
junctions of healthy tissue, and reduced lymphatic drainage that would normally help to
carry away cytotoxic compounds [48]. For passive targeting to be effective, the therapeutic
must remain in circulation for as long as possible. To accomplish an extended half-life, the
NPs may be functionalized to tune the particle’s size, surface charge, hydrophobicity, and
surface chemistry in order to reduce the renal and phagocytic clearance [49].

Size plays a key role in a particle’s ability to preferentially accumulate at a tumor.
Small particles show more widespread distribution amongst all tissues, both healthy and
diseased; they can diffuse more freely into the tumor from the vasculature [50], but this also
means that they diffuse out again at a greater rate. Larger particles, close to or exceeding
1 um, are unable to pass through the tumor fenestrae, with pores in the order of a few
hundred nanometers [51]; they are also less able to diffuse into solid tumors, which may
not be problematic if the intended application is diagnostic, where locating at the tumor
boundary is sufficient.

As discussed in the previous section, smaller particles exhibit extended circulation
times and this tends to lead to increased tumor accumulation compared to larger particles;
ultrasmall AuNPs have been shown to have a particularly high tumor accumulation when
compared to >10 nm AuNPs [52].

2.7. Effect on Toxicity

The correlation between size and toxicity of AuNPs is not easy to discern from the
literature, due to inconsistent synthesis methods, capping ligands, cell/animal models,
dosages, and routes of administration [53]. Toxicity has been reported for ultrasmall (<2 nm)
AuNPs, and when the bare gold surface is accessible [54]. The toxicity of ultrasmall AuNPs
may be attributed to the more widespread biodistribution and longer circulation times
when compared to larger particles which rapidly accumulate in the liver.

Most studies report AuNPs as being non-toxic, and where toxicity is observed, it is
generally attributed to physicochemical properties derived from the capping ligand as
opposed to the gold core itself.

On the other hand, one study looked at citrate-capped particles ranging from 3 to
100 nm, performing an in vitro MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay against Hela cells to assess the particles and found no cytotoxicity for any
size at any concentration (up to 0.4 mM). The study also determined the average lifespan
(Lso) of BALB/c mice dosed intraperitoneally with 8 mg/kg/week for each particle size
and no toxicity or lethality was observed for small particles (3, and 5 nm) or for large
particles (50, and 100 nm); however, intermediate particles (8, 12, 17, and 37 nm) all showed
an Lsg of less than 21 days. The authors suggest that the zone of toxicity is attributed to
particles being small enough to enter cells but large enough to avoid initiating a specific
immune response [55].

3. Methods to Synthesize Ultrasmall AuNPs

A plethora of methods have been developed to precisely control the size, shape, and
surface chemistry of AuNPs. These range from green synthesis methods, where the AuNPs
are produced either by microorganisms or plant extracts [56-58], to physical methods such
as laser ablation [59-61], thermal decomposition [62,63], and mechanical milling [64], and
finally, chemical synthesis methods. Chemical synthesis methods are perhaps the most
widely employed methods, owing to the vast array of physicochemical properties which

120



Nanomaterials 2022, 12, 2476

can be achieved and the specificity with which they can be obtained. Many approaches

exist to chemically synthesize AuNPs; however, they all proceed via essentially the same

steps (Figure 2):

e  Reduction of Au**—afforded by a gold salt, usually HAuCl;—to atomic Au’; this
process is rapid and continues until the concentration of gold atoms in solution reaches
supersaturation.

e Nucleation of gold atoms into gold clusters; the number of nucleation sites deter-
mines the number concentration of AulNPs, i.e., for a fixed mass concentration more
nucleation events results in smaller particles and vice versa.

e  Growth via coalescence of gold clusters and diffusion of remaining soluble gold atoms
onto the surface of gold agglomerates.
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Figure 2. LaMer model of metal nanoparticle formation.

The following sections will outline some of the most common methods used to syn-
thesize ultrasmall AuNPs; they have been divided into the four main methods used in
the literature—Turkevich/Frens, reduction by sodium borohydride, Brust-Schiffrin, and
seeded growth. Where reagent names have been abbreviated, the meaning can be found in
Table 1.

Table 1. Abbreviations for reagents use in AuNP synthesis.

Abbreviation Meaning
BDAC Benzyldimethylhexadecylammonium chloride
CTAB Cetyltrimethylammonium bromide
CTAC Cetyltrimethylammonium chloride
GSH Glutathione
HAuCly Chloroauric acid
HQL 8-hydroxyquinoline
MPA Mercaptopropionic acid
NaBHy4 Sodium borohydride
Nal Sodium iodide
ODA Octadecylamine
PVP Polyvinylpyrrolidone
TOAB Tetraoctylammonium bromide

Turkevich/Frens (Figure 3A) synthesis is the classical method of producing AuNPs.
It was one of the first systematic approaches to the size-controlled synthesis of AuNPs
and is still popular today, owing largely to its simplicity and reliability. The method was
pioneered Turkevich et al. in 1951 [65], producing 15-24 nm AuNPs, and later refined by
Frens in 1973 [66], extending the size range to 16-147 nm. In this synthesis, citrate is used
as both reducing agent and capping agent; however, citrate is not a strong enough reducing
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agent to rapidly generate atomic gold at room temperature; therefore, the synthesis is
carried out at elevated temperature, typically boiling. The AuNPs’ size is controlled
predominantly by the ratio of citrate:Au, where more citrate results in more rapid nucleation
and, subsequently, smaller particles. Particle size and distribution may also be controlled
by pH [67], temperature [68], and order of reagent addition [69]. While AuNPs with an
average diameter of 4 nm have been reportedly synthesized by the Turkevich method with
minor modifications [70], it is far more common for particles to be larger than 10 nm in

diameter.
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Figure 3. Methods of AuNP synthesis.

Sodium borohydride (Figure 3B) is often implemented as a strong reducing agent
in the synthesis of AuNPs enabling the reaction to be performed at room temperature
and allowing for rapid nucleation and formation of smaller AuNPs, frequently sub 5 nm.
Like the Turkevich method, citrate may be included; however, when NaBH, is used as a
reducing agent, citrate severs solely as a capping agent [71]. Alternatively, citrate can be
replaced by other hydrophilic capping agents such as alginate [72] or chitosan [73]. The
synthesis may also be performed in non-polar solvents such as chloroform, implementing
hydrophobic capping agents such as CTAB [74] and ODA [75,76]. Finally, capping agents
may be omitted entirely to produce “bare” AuNPs [77].

Brust-Schiffrin (Figure 3C) synthesis is a two-phase approach to produce alkanethiol-
capped AuNPs which are soluble in hydrophobic solvents. TOAB is employed to transfer
AuCly” from the aqueous phase to an organic phase, typically toluene; NaBHy is used to
reduce the gold salt in the presence of a capping agent, traditionally an alkanethiol. The cap-
ping agent first used, and still commonly used today, is the alkanethiol dodecanethiol [78];
however, this may be replaced with other alkanethiols such as pentanethiol [79] or hex-
anethiol [80], surfactants such as CTAB or CTAC [81], or even ionizable molecules for the
synthesis of water soluble AuNPs, for example via the use of MPA [82].

Seeded growth (Figure 3D) is synthetic process of first producing Au’ clusters, often
via NaBHy, although Turkevich/Frens particles may also be used as seeds, which are then
introduced as presynthesized nuclei into a growth solution. Essentially, the particle number
concentration of the resulting solution can be finely controlled by varying the number
of nuclei introduced and the final particle size is regulated by the gold concentration
in the growth solution. This approach is not particularly well suited to the formation
of ultrasmall AuNPs and is more commonly employed for the preparation of particles
over a large size range [83,84]. As well as being applicable over large size ranges, seeded
growth is also capable of producing a wide variety of shapes by using different shape
directing agents, such as CTAC for spheres [85] and cubes [86], CTAC/Nal for triangles [87],
CTAB/CTAC/HQL for bipyramids/javelins [88], PVP for stars [89], and BDAC/CTAB for

rods [90].

The methods outlined in the previous sections are summarized in Table 2.
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Table 2. Methods of AuNP Synthesis. Focusing mainly on ultrasmall spheres, with several prominent

examples of methods for synthesizing larger or non-spherical particles.

Method of Synthesis Size Range Shape Surface Chemistry Polarity Solvent Ref.
Turkevich 15-24 nm Sphere Citrate Hydrophilic H,O [65]

Frens 16-147 nm Sphere Citrate Hydrophilic H>,O [66]
Turkevich/Frens 4 nm Sphere Citrate Hydrophilic H,O [70]
Sodium borohydride 3-5 nm Sphere Citrate Hydrophilic H,O [71]
Sodium borohydride 3.3-12 Sphere Alginate Hydrophilic H,O [72]
Sodium borohydride 3.5-14 nm Sphere Chitosan Hydrophilic H,O [73]
Sodium borohydride 3-14 nm Sphere CTAB Hydrophobic CHCly [74]
Sodium borohydride 4.7 nm Sphere ODA Hydrophobic CHCl3 [75]
Sodium borohydride 3nm Sphere ODA Hydrophobic CHCl3 [76]
Sodium borohydride 3-5nm Sphere Bare Hydrophilic H,O [77]
Turkevich/Frenz—modified 3.6-13 nm Sphere Citrate/tannic acid =~ Hydrophilic H,O [91]
Turkevich /Frenz—modified 3.5-15 nm Sphere PDEAEM Hydrophilic H,O [92]
Turkevich /Frenz—modified 2-330 nm Sphere Citrate Hydrophilic H>,O [93]
Brust-Schiffrin 1-3nm Sphere Dodecanethiol Hydrophobic Toluene [78]
Brust-Schiffrin 5 nm Sphere Pentanethiol Hydrophobic Toluene [79]
Brust-Schiffrin 2nm Sphere Hexanethiol Hydrophobic Toluene [80]
Brust-Schiffrin 10 nm Sphere CTAB/CTAC Hydrophobic Toluene [81]
Brust-Schiffrin 3 nm Sphere MPA Variable Toluene/H,O  [82]
Seeded growth 8.4-180.5 nm Sphere Citrate Hydrophilic H,O [83]
Seeded growth 15-300 nm Sphere Citrate Hydrophilic H,O [84]
Seeded growth 5-150 Sphere CTAC Hydrophilic H,O [85]
Seeded growth 60 nm Triangle CTAC/Nal Hydrophilic H,O [87]
Seeded growth 76 nm Cube CTAC Hydrophilic H,O [86]
Seeded growth 40-300 nm Bipyramid/Javelin CTAB/CTAC/HQL  Hydrophilic H,O [88]
Seeded growth 45-116 nm Star pPvP Hydrophilic DMF [89]
Seeded growth 10-100 nm Rod BDAC/CTAB Hydrophilic H,O [90]
Other—GSH reduction 2.5 nm Sphere GSH Hydrophilic H>,O [94]
Other—GSH reduction 2.3nm Sphere GSH/cysteamine Hydrophilic H,O [95]
Other—HEPES reduction 23 nm Star HEPES Hydrophilic H,O [96]
Other—TBAB reduction 2-7 nm Sphere Oleylamine Hydrophobic DCM [97]
Other—TBAB reduction 3-10 nm Sphere Oleylamine Hydrophobic Hexane [98]
Other—thermal reduction 2 nm Sphere PEG Hydrophilic H,O [99]
Other—mechanochemical 1-4 nm Sphere Various Various None [64]

4. Ultrasmall-in-Nano—Approaches and Applications

One approach which has been gaining popularity in the past few years is referred to
as an ultrasmall-in-nano [30] construct: ‘ultrasmall’ represents the sub-5 nm gold cores,
and ‘nano’ represents the 100-500 nm clusters of said AuNPs. While gold itself is inert and
biocompatible, problems arise when considering persistence of the gold in the body [30].
The body’s main mechanism for excretion of compounds from circulation, specifically,
via the renal pathway, is not efficient at removing particles larger than 5 nm in diame-
ter [100]. This is mainly due to the functional pore size of the glomerular capillary wall of
4.5-5nm [101] and larger particles will instead rely on elimination via the hepatobiliary
pathway. Consequently, particles below this threshold are desirable to avoid the potential
retention of gold in the body. However, several desirable properties result from particles
only in the 100-500 nm range. These properties include increased circulation times [102],
superior accumulation in tumor tissue due to the enhanced permeability and retention
effect [103], and specifically in the case of AuNPs strong absorbance in the phototherapeutic
window [104]. A work around for these diametrically opposed concepts is to have a system
which can be converted from the latter to the former after its function has been served, i.e.,
from larger (100-500 nm) nanoparticles to ultrasmall (sub-5 nm) particles.

To display the desired optical properties, specifically, a bathochromic shift in ab-
sorbance upon clustering, the ultrasmall particles must come into proximity of one another.
The effect of interparticle electromagnetic coupling is proportional to the inverse of inter-
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particle distance [105], suggesting that the most prominent bathochromic shift is obtained
when the ultrasmall particles are as close as possible without touching to avoid irreversible
fusion, as would be observed with other aggregation methods, for example, upon the
addition of glucosamine phosphate to small AuNPs [106].

Many approaches have been reported for forming ultrasmall-in-nano constructs; while
they all follow what is essentially the same schematic, depicted in Figure 4, and have some
common characteristics, they differ in the approach used to cluster the ultrasmalls and
in the application of the nano construct. Some of these approaches are outlined in the
following sections and summarized in Table 3.

Tumour-accurnulation Cluster dissociation

Phototherapeutic window absorbance Renal clearance

Enhanced cellular uptake

Ultrasmall

<5nm

O

Nano
>100 nm

Figure 4. Generalized principle of the ultrasmall-in-nano approach.

Table 3. Methods of generating ultrasmall-in-nano constructs.

I——»Excretlon

Ultrasmall Nano .
(Surface Chemistry, and Size) (Clustering Principle, and Size) SPR Reversible Refs.
ODA Crosslinking with EGBMA
467 +1.74nm 254-278 nm 710 nm Yes (73]
NA Coating of DSPC: cholesterol liposomes
2-8nm 100-120 nm 760 nm Yes [107]
- . Single stranded DNA-coated AuNPs +
Tannic acid and/or citrate .
complementary linker Nr Yes [108]
3,5, and 13 nm
50-150 nm
PSS Tonic interactions with PL
~3 nm (varies with article) ~100 nm (varies with article) 530 nm Yes [109-114]
AcetalDextran-pMBA-AuNPs Encapsulation in PEG-PCL
21405nm 111.1 + 38 nm Nr Nr [115]
11-MUA or GSH Encapsulation in PCPP
2.5 nm 40-500 nm >650 nm Yes [116]
GSH Encapsulation in PAA HCl Nr Nr [117]
~2nm 120 nm
. . Interaction with
Citrate/lysine Broad,
41+ 0.8nm PLA(2K)-PEG(10K)-PLA(2K) NIR absorbance Yes [118]
83.0 £ 4.6 nm
NA Self-assembly with PCL-PHEMA and
PMEO,MA 800 nm Nr [119]
6.1 +1.8nm
300 nm

Nr: Nor reported.

4.1. Approaches to Clustering

4.1.1. Small Molecule Crosslinking

Mellor et al. [75] showed that using a labile dithiol molecule—ethylene glycol bis-

mercaptoacetate (EGBMA)—they were able cluster octadecylamine (ODA) AuNPs
(sub-5 nm) and demonstrated that, under physiological conditions, the clusters can revert
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to ultrasmall AuNPs. The nano constructs exhibited strong absorbance in the photothera-
peutic window and were labelled with a Raman reporter, allowing for specific detection in
a biological matrix, demonstrating its feasibility for future theranostic applications.

4.1.2. Coating of Liposomes

Rengan et al. [107] prepared a formulation that can be described as ultrasmall-on-
nano, by first forming 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC): cholesterol
liposomes in the nano range, and subsequently coating them with ultrasmall AuNPs
(2-8 nm). They demonstrate the ability of these particles, following intratumoral injection,
to kill cancer cells using PTT with complete ablation of the tumor mass following 750 nm
laser illumination. The particles are shown to be degraded in hepatocytes and cleared
through the hepato-biliary and renal routes. On days 1, 7, and 14, the %ID detected in the
liver was 52%, 9.8%, and 3%, respectively, and in the kidney was 2.7%, 0.25%, and 0.22%,
respectively. This demonstrated a significant reduction in gold levels in just 14 days, and
the authors hypothesized that renal excretion would be increased when the constructs are
subjected to both photothermal and enzymatic degradation.

4.1.3. DNA Assembly

Chou et al. [108] designed a core-satellite architecture whereby AuNPs (13 nm cores,
and 3 or 5 nm satellites) coated with thiolated, single-stranded DNA were then assembled
using complementary sequence linker DNA. They demonstrated that, by careful selection
of the DNA sequence and capping ligand, they could tune a number of properties: the
constructs’ ability to encapsulate small molecules, their propensity for cellular uptake,
elimination, and tumor-targeting. In addition, in this study, gold content in urine was
quantified 48 h after systemic injection of cores, satellites, and core-satellite constructs. They
found the highest levels of renal excretion for the smallest particles tested—15 %ID for
3 nm satellites with a 1 kDa PEG coating—and decreasing levels with increasing particle
size or PEG molecular weight. Similarly, for the core-satellite constructs, they found that
the urine levels were proportional to the size of the satellite tested, and lower than that of
the respective satellite alone. This finding suggests, as would be expected, that only the
satellites are being excreted and not the 13 nm cores.

4.1.4. Encapsulation/Ionic Interaction

Voliani and their team demonstrated, in multiple articles [109-114], their ultrasmall-
in-nano construct, referred to as ‘passion fruit’-like, formed by ionic interaction between
poly(l-lysine) (PL) and poly(sodium 4-styrene sulfonate) (PSS)-coated ultrasmall AuNPs
(~3 nm). They studied their tumor-targeting ability following modification with a pep-
tide [109]; biocompatibility and excretion in murine models where they showed excretion
from both renal and biliary pathways [110]; pharmacokinetics following inhalation [111],
showing accumulation in the lungs, translocation to secondary organs, and almost com-
plete excretion within 10 days; and the suitability of their ultrasmall-in-nano construct for
PTT applications [114]. The researchers monitored the biodistribution and excretion for
10 days following intravenous injection through the tail vein. They observed that the gold
concentration in the liver decreased over the course of time, and that gold was detected
in both urine and faces for the duration of the experiment for a cumulative excretion of
~16 %ID in 10 days.

Higbee-Dempsey et al. [115] prepared ultrasmall p-MBA-AuNPs coated with thiolated
dextran (2.1 nm); the dextran was made to be hydrophobic by the covalent incorpora-
tion of acetyl groups. The hydrophobic AcetalDextran-pMBA-AuNPs were mixed with
poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-PCL), resulting in micellization and
dense packing of the ultrasmall cores. Acetyl groups were shown to be cleaved in an acidic
environment, resulting in a hydrophilic polymer, demicellization, and dispersion of gold
cores. The group showed clearance of gold from mice organs over 3 months, following
a single bolus injection via the tail vein. They report that levels in the liver and spleen
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reduced by 86% and 72%, respectively, and that gold is detected in urine and faeces at
decreasing levels over the time course; however, the reported levels represent samples
collected on the day of sacrifice, and do not represent the cumulative excretions between
time points.

Cheheltani et al. [116] encapsulated ultrasmall GSH-coated AuNPs (2-5 nm) in a
biodegradable poly di(carboxylatophenoxy)phosphazene (PCPP) polymer; they were able
to control the size of the particles, and therefore, the position of the SPR peak in the NIR
region, by varying the amount of polyethylene glycol-polylysine block co-polymer in the
formulation. They demonstrate the potential of these constructs as computed tomography
(CT) and photoacoustic (PA) imaging contrast agents both in vitro and in vivo. They also
demonstrate the ability of the clusters to degrade upon incubation in serum.

Yahia-Ammar et al. [117] first synthesized ultrasmall GSH-coated AuNPs (~2 nm);
these particles were then encapsulated by the addition of poly(allyl amine hydrochloride)
(PAA HCI) polymer. They show that the clustered particles exhibit enhanced fluorescence
compared to the ultrasmall particles, with quantum yield increasing from 7 to 25%. They
also demonstrated the increased cellular uptake of these particles and the application of
this to enhanced cellular delivery of both peptides and antibodies.

Tam et al. [118] clustered ultrasmall lysine/citrate-capped AuNPs (4.1 nm) via ionic
interaction with biodegradable triblock copolymer of polylactic acid and polyethylene
glycol (PLA(2K)-PEG(10K)-PLA(2K)). Upon cluster formation, the absorbance maximum
shifted from 520 nm into the NIR region with a fairly constant absorbance of 700 to 900 nm.
Limited degradation was observed after 4 weeks at neutral pH, whereas almost total
degradation was observed after just 1 week at pH 5, a finding attributed to the stability of
PLA at neutral pH. Nanocluster degradation was confirmed in vitro by TEM and scattering
spectra from hyperspectral images of treated and untreated murine macrophage cells over
168 h.

Deng et al. [119] worked with 6.1 nm particles, which is on the upper limit of what
may be considered ultrasmall, as acknowledged by the researchers; however, the approach
may be transferable to smaller particles to ensure excretability. Their system is based on
the self-assembly of AuNPs within a novel comb-like amphipathic polymer composed
of hydrophobic poly(e-caprolactone)/ poly(2-hydroxyethyl methacrylate) (PCL-PHEMA)
and hydrophilic poly(2-(2-methoxyethoxy) ethyl methacrylate) (PMEO,MA). The group
tested the potential of the particles for PTT by exposing solutions of various concentra-
tions to 808 nm NIR laser at a power density of 1.5 W cm~?2; at the highest concentration
(0.4 mg mL™1), they observed heating up to 71 °C after laser irradiation for 5 min. They also
loaded DOX into the particles, which was released following laser irradiation to demon-
strate the combined chemotherapeutic and phototherapeutic abilities of the construct. The
constructs were shown to be suitable as contrast agents for both CT and PAT imaging. The
researchers monitored the levels of the gold in the tumor, vital organs (heart, liver, spleen,
lung, and kidney), and vital metabolic products (bile, urine, and faces) for 7 days following
intratumoral injection. They found that levels in the tumor decreased over the course of
time; the levels in the vital organs increased until day 2, but then had decreased by day
7, and the levels in metabolic products increased over the course of time. The increasing
renal excretion over the course of the experiment, with 4 %ID detected in the urine on day
7, suggests disassembly of the constructs back to ultrasmall AuNPs, and that 6 nm AuNPs
are still renally excreted, if only to a lower extent than smaller particles.

4.2. Accomplishments of Ultrasmall-in-Nano Constructs

It is clear that ultrasmall-in-nano provides a viable route to produce constructs with
the properties of particles larger than their constituent cores; in various studies, they have
been shown to have absorbance in the phototherapeutic window [75,107,116,118,119], to
be SERS active [75], to be suitable as PTT agents [107,114,119], and to function as PA and
CT contrast agents [116], amongst other key characteristics.
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What has also been demonstrated, to a lesser extent, is the excretion of ultrasmall
particles following administration of nano constructs. Where in vivo studies have been
performed to monitor retention and/or excretion, they have demonstrated quite varied
results, suggesting that the excretion rate is highly dependent on the approach to clustering,
as well as the size of the ultrasmall particle. Rengan et al. [103] showed fairly quick
decrease in levels of gold detected in the liver of 52% to 3%ID over 14 days, whereas
Higbee-Dempsey et al. [115] reported ~85% elimination from the liver over three months.
It is promising that studies such as those performed by Chou et al. [108] demonstrated
that the rate of excretion of ultrasmall-in-nano constructs is proportional to the sizes of
the constituent ultrasmall particles. This highlights the necessity for the entirety of the
construct to be comprised of ultrasmall particles, as the 13 nm cores do not appear to have
been excreted.

Several studies, where excretion has not yet been demonstrated experimentally, have reported
that their ultrasmall-in-nano constructs are able to liberate ultrasmall particles [75,117,119]. This,
combined with the data of the aforementioned in vivo studies, suggests that there are several
emerging constructs with the potential to deliver the capabilities of nanoparticles, while retaining
the excretable nature of ultrasmall particles.

5. Conclusions and Future Perspectives

Optical properties, opsonization, cellular internalization, renal clearance, biodistribu-
tion, tumor accumulation, and toxicity all display size-dependent relationships with gold
nanoparticles. In some regards, smaller particles are favored, for example for increased
renal clearance; in others its larger particles, such as to display strong absorbance in the
phototherapeutic window. Clearly, it is not possible to have a single static construct which
displays all these properties; however, ultrasmall-in-nano promises a dynamic structure to
provide the advantages of the small and the large.

Where the properties of the larger particles are disadvantageous, work-arounds have
been proposed which usually entail the modification of the particles” surface, for example,
PEGylation to reduce the propensity for opsonization, or conjugation to a targeting moiety
to increase tumor accumulation.

It is noteworthy that the examples of ultrasmall-in-nano reviewed here were all from
the last decade or so; this emphasizes how novel this work is and the interest its subject
matter has gained in a relatively short time.

Ultrasmall-in-nano constructs have already been shown to deliver a lot of what the
concept promises, from phototherapeutic absorbance and SERS activity to declustering
and excretion. Future works will likely focus on combining many of these properties into a
single construct and demonstrating complete excretion in a reasonable timeframe.
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Abstract: Studies on self-assembly of metal nanoclusters (MNCs) are an emerging field of research
owing to their significant optical properties and potential applications in many areas. Fabricating
the desired self-assembly structure for specific implementation has always been challenging in
nanotechnology. The building blocks organize themselves into a hierarchical structure with a high
order of directional control in the self-assembly process. An overview of the recent achievements in
the self-assembly chemistry of MNCs is summarized in this review article. Here, we investigate the
underlying mechanism for the self-assembly structures, and analysis reveals that van der Waals forces,
electrostatic interaction, metallophilic interaction, and amphiphilicity are the crucial parameters. In
addition, we discuss the principles of template-mediated interaction and the effect of external stimuli
on assembly formation in detail. We also focus on the structural correlation of the assemblies with
their photophysical properties. A deep perception of the self-assembly mechanism and the degree of
interactions on the excited state dynamics is provided for the future synthesis of customizable MNCs
with promising applications.

Keywords: self-assembly; metal nanoclusters; nanoscale forces; structural correlation; optical property

1. Introduction

The study of self-assembly of nanomaterials has been an efficient and powerful
strategy in nanotechnology for decades and is still relevant today. Self-assembly is a
flexible process where the building blocks spontaneously assemble themselves into a
highly ordered large structure through direct interaction and with the help of an external
influence [1-4]. A comprehensive understanding of the thermodynamic forces that drive
the self-assembly process is a prerequisite for designing and controlling the morphology
of the assembled structure for ideal applications [5-7]. The assembly formation offers an
enhanced collective property for a wide range of applications [8-12]. The self-assembled
architectures with different morphologies have unique directing forces with exclusive
photophysical properties.

However, the structural correlation with the optical properties is limited in the nano-
materials, especially for the nanoparticles (NPs) due to their polydisperse nature and the
inherent difficulty in crystallization. Herein, a subclass of NPs, MNCs grabbed attention
in self-assembly research due to their atomically precise composition and well-defined
structure [13-18]. MNCs are ultra-small particles consisting of a controlled aggregation of
metal atoms protected by a shell of organic ligands. Such MNCs are usually obtained at the
atomic precision (i.e., with a defined number of metal atoms (nM) and ligand molecules
(mL) leading to formula (MpLp,)) and display molecular-like properties [15,19-21]. The
geometry of the clusters must be determined by quantum chemistry methods that often
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use group theory, and the optic response is described in terms of molecular transitions
whose positions and intensities are predicted by sophisticated calculations of quantum
mechanics [22-24]. Among these molecular-like properties, luminescence has attracted
tremendous research interest [25-29]. However, compared with conventional luminescent
materials (e.g., organic dyes and quantum dots), the quantum yield (QY) of MNCs is
relatively low [30]. Constructing hierarchical self-assembly or inducing aggregation of
ligated MNCs has opened the way to boost the luminescence of MNCs [31]. However,
uncontrolled aggregation during self-assembly may usually occur due to MNCs’ large
specific surface area. On the other hand, the richness of surface ligands in MNCs and the
versatile surface functionalities allow for elaborating strategies involving manipulating the
driving forces guiding the intercluster interactions. These attractive forces act as a glue
between surface ligands of different NCs and can be triggered by external stimuli such
as metal ions, pH, macromolecules, solvents, light, etc. MNCs are increasingly used as
versatile building blocks to fabricate nanoarchitectures via a self-assembly process. The
assembled geometry can be tuned with specific size and composition by controlling the
driving forces, templates, or external stimuli [32-35]. Modulating the nanoscale forces such
as dipolar interactions, van der Waals forces, electrostatic interaction, and metallophilic
interaction, assembled architectures can be tailored. The correlation between the ligand
structure and intra-cluster ligand interaction can play a significant role in fabricating or-
dered assemblies [36]. The hierarchical assembly of MNCs with atomic precision can be
significantly modulated by tailoring the surface ligands [37]. The diverse surface chemistry
of the ligands with different moieties provides a versatile weapon for controlling the assem-
bly geometry as well as their photophysical properties [38,39]. A deep understanding of
the control of morphology is required to customize the architectures for ideal applications.
Hierarchically assembled structures consisting of MNCs are important in nanotechnology
because of their collective properties and potential applications in catalysis, electronics,
sensors, and storage devices [40—44]. Although most MNCs show weak luminescence, their
assembly can enhance the luminescence property based on aggregation-induced emission
strategy [30,45-49]. The metal-metal, metal-ligand and ligand-ligand interactions control
the relaxation dynamics. The rotational and vibrational motions of the ligands are restricted
during assembly formation, and thus the non-radiative channels for relaxation decrease,
which enhances the luminescence.

There are many recent reviews on the synthetic strategies to produce self-assembly
of NCs and their applications [50-59]. However, the structural correlation of the MNCs
with their optical properties remains unknown, which is also important to design the self-
assembled structures with customizable properties. In this review, we focus particularly on
the self-assembled structure—optical properties relationship and the driving forces behind
assembly formation. The current review article is thus intended to give insights into the
fundamental driving forces leading to the self-assembly of metal NCs (copper, gold, and
silver) and their impact on photophysical properties. Specifically, we discuss the funda-
mentals of leading interactions in self-assembled MNCs. The template effect controls the
DNA-based self-assembly of MNCs. The use of external stimuli, e.g., light and temperature,
controls the assembly process. Versatility in enhanced photoluminescence of self-assembly
of MNCs, e.g., QY enhancement and tuning emission color, will be highlighted. Finally, we
outline some perspectives on the development of this area.

2. On the Structure-Optical Properties Relationship of Metal Nanocluster Assembly

The origin of the photoluminescence (PL), in particular in the near-infrared, from
thiolate-protected gold nanoclusters remains elusive. Indeed, it is still a major challenge for
researchers to map out a definitive relationship between the atomic structure and the PL
property and understand how the metal core (through excitations via the Au(0) kernel) and
Au(I)-S surface (through charge transfer excitations) contribute to the PL of Au NCs. The
lowest excited states in absorption spectra usually belong to the “core” in nature. In the
case of the highest excited states, both “interface-like” and “core-like” (or a combination
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of both) are involved [60]. The characteristic of such excited states is more “interface-
like” (or also called “oligomer band” or “Au—S band”), for which contribution from the
Au-S interface in orbitals is more pronounced. Further, electron-rich donor groups from
surface ligands may contribute to “surface-like” excited states. In addition, multiple energy
transfers associated with intersystem crossings (ISC reinforced) allow an overall boost in PL
emission and longer PL lifetimes [61]. The following experimental and theoretical findings
were assembled from the literature to derive the energy diagram in Figure 1.
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Figure 1. Schematic illustration of the critical parameters affecting the PL properties of MNCs (exem-
plified with Auj9SGyp) and their self-assembly. Proposed mechanism for PL (photoluminescence) in
MNCs (metal nanoclusters).

For thiolated metal NCs, many parameters affect how the energy flows following
photoexcitation. The main parameters are molecular floppiness, solvent accessibility, and
metallophilic interactions, as exemplified with the smallest Au;oSGip NCs (with SG as
glutathione ligand, see Figure 1). Generally speaking, loose and floppy ligand molecules
such as glutathione will exhibit several rotational and vibrational degrees of freedom and
seriously lower the fluorescence intensity. Solvents, in particular solvent accessibility to the
metal core or metal-sulfur interface, may play a role in the deexcitation pathway of NCs.
Suppose MNCs are in a high vibrational level of the triplet state. In that case, energy can
be lost through collisions with solvent molecules (vibrational relaxation), leaving it at the
lowest vibrational level of the triplet state. It can then again undergo intersystem crossing
to a high vibrational level of the electronic singlet ground state, where it returns to the
lowest vibrational level through vibrational relaxation. Solvent accessibility has been found
to play a critical role in the luminescence properties of ligated gold NCs. It is strongly
dependent on the nature of ligands and the size of MNCs [62,63]. Aurophilic interactions
between interlocked Au(I)-thiolate ring structures for Au;9SGig catenane NCs [64,65] cause
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the enhancement of the luminescence for Au(I) oligomers. Usually, the surface ligands are
the components that direct aggregation/assembly. Thus, when the assembly of MNCs is
produced, there will be a substantial restriction of vibrational and rotational motions of the
outer surface ligands of individual MNCs [66]. Building a massive assembly of NCs onto
higher-order hybrid superstructures will lead to strong confinement on many length scales.
This confinement will also reduce the solvent accessibility, increasing the aggregation-
induced emission (AIE) process of luminescent MNC-based assemblies. Finally, intercluster
metallophilic interactions also control the aggregations of MNCs and the AIE process.
The impacts of the different forces on the AIE process of MNC-based assemblies will be
discussed in the following section.

3. Nanoscale Forces on Assembly

Surface interactions can play a vital role in the self-assembly process of MNCs. The
structural control and morphological evolution of the directed self-assembly can be con-
trolled by the nanoscale forces such as dipolar attraction, van der Waals interactions,
electrostatic interactions, m—m stacking, metallophilic interactions, etc. This section will
highlight a couple of examples in which intercluster interactions are the driving force to
form assemblies.

3.1. Dipolar Interaction

Numerous building blocks can self-assemble into ordered structures driven by the
entropy factor. Ordering the noninteracting hard-sphere results in an entropy increment by
having more available free space in the ordered structure compared to the disordered state.
Theoretical calculations and simulations predict the most stable ordering of the assembled
systems. Self-assembly of particles strongly depends on the particle size and the behavior of
the particles based on coulombic, charge—dipole, and dipole-dipole interactions. The dipole
moment can originate for the nanocrystals due to the noncentrosymmetric distribution
of polar facets or asymmetric lattice truncations [67]. In the case of MNCs, the dipolar
attraction between the individual NCs plays a substantial role in structural change. For
example, dipolar attraction and van der Waals attraction control the 2D self-assembly of
Au;5DTj5 into mono, few, and multi-layered sheets [68]. Aujs NCs involve dipole-dipole
attraction and van der Waals attractions when the solvent is nonpolar. Dipole-dipole
attraction arranges the 1D orientation of Aujs NCs. The permanent dipole moment (1) of
Auy5DTy5 was calculated to be 13.27 D, and the energy of dipolar attraction between two
NCs was 3.8 k] /mol, calculated using the formula [68]

2

M
E=— 1
2megr (r? — d3,c) @

where g is 8.85 x 10712 C3J~Im~1, r is the center to center interdipolar separation, and dnc
is the diameter of NCs. The 3.8 k] /mol dipolar energy is higher than the regular dipole—
dipole attraction (1.5 k] /mol). The self-assembly of Aujs NCs induced by anisotropic
dipole-dipole attraction directs the linear alignment along the x-direction (Figure 2). Fur-
ther, the inter-NC distance in the self-assembly can be modulated with different solvents
resulting in a change in inter-NC dipolar attraction [38]. The dipole moment of Cug is
0.87 D, corresponding to an energy of 0.02 k] /mol. Cus shows a dipole moment of 3.11
D and more energy (0.64 k] /mol). The combined effect of theoretical and experimental
results of dipolar interactions plays a vital role in the self-assembly process and can control
the morphology. The advantage of these interactions over van der Waals is that they only
provide internal interaction and thus stabilize the assembled structure.
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Figure 2. (A) TEM images of the morphological evolution of the self-assembled Aul5 NCs (a—c),
after 1 h at 25 °C (a), 24 h (b) and at 90 °C for 5 min (c). The scale bar is 10 nm (a,b) and 5 nm (c).
(B) Simulation results of the dipole-induced linear arrangement of Au;s NCs. It was adapted from
Ref. [68], Copyright 2015 American Chemical Society.

3.2. Van der Waals Interactions

Directed self-assembly can be achieved by controlling the van der Waals (vdW) attrac-
tions among the NCs. In the MNC assembly, van der Waals forces between the capping
ligands of NCs play a pivotal role in forming an ordered structure. The vdW forces are the
most ubiquitous nanoscale interaction, originating due to the electromagnetic fluctuations
that arise from the continuous movements of opposite charges within the atoms, molecules,
and bulk materials. The vdW interactions between the metal cores can be calculated using
the formula [69]

tyaw (r) = —Cyaw /7° 2)

where 7 is the distance between the atomic or molecular center, and Cy 4, is a constant char-
acterizing the interacting species and the surrounding medium. The forces are proportional
to }6 It is clear that in MNC assemblies, the strength of the van der Waals force is com-
parable to the strength of other long-range interactions, such as electrostatic interactions.
Another approach to estimating the vdW interactions is the additive Hamaker integral
approximation [70]. Here, the interacting particles are the sphere, and the dispersion
interaction is only present within the particles.

A aya aa 1 12 — (a1 + ap)*
Upay = = 2+ =2+ -In (;2)2 (3)
3 12— (ay+a)” 12— (a; —ap)” 2 12— (a1 —ap)

where A is the Hamaker coefficient and can be calculated using A = Cogw?/ v10; (v; is
the molar volume of material 7) [69].

The morphology of self-assembled Cu NCs capped by 1-dodecanthiol (DT) can be
tuned from wire to ribbon (Figure 3A) [71]. The van der Waals attraction between the
capping ligands results in assembled nanowires having a diameter of 26 nm (wire-26). The
composition of Cu NCs in wire-26 was revealed to be Cu;yDTgAcy. The vdW attraction
between two Cuj,DTgAcs NCs can be calculated using Equation (3) and was found to be 4.1
KgT (Kp is the Boltzmann constant and T is the absolute temperature), which directs the self-
assembly formation of the hydrophobic structures. Here, the use of temperature accelerates
the self-assembly formation, whereas the low-temperature kinetically controlled process
gives rise to wires like morphology. Prolonged annealing of these wires like geometry
leads to reorganization into flower like structures. The thickness can be modulated by
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annealing pre-assembled wire-26 at 120 °C for 30 min. The thickness is reduced to 1.3
nm, indicating the formation of ribbon-1.3, and the composition changes to CugDTg. The
addition of DT facilitates the conversion of the wire into a ribbon by increasing the extent of
compactness and arrangement order of the self-assembly. Here, the driving force is mainly
vdW attraction, which enables the reorganization of the self-assembled NCs, and the energy
is calculated to be 3.8 KgT between the CugDTg NCs. The flexibility of the alkyl chains
is more dynamic at high temperature and thus redirected into a compact and ordered
structure. As both systems are composed of a self-assembly strategy, the ribbon and wire
are highly luminescent. The driving force behind the 1D orientation of self-assembled Cu
NCs into nanowires is firmly dipolar attraction [71].

(A)

Cu, DT Ac, 0C~120C.Cu T,
X, ek cpT n’:Ac

(B)]

Figure 3. Schematic representation of the morphological evolution of (A) the self-assembled Cu NCs
from wire-26 into ribbon 1.3. Adapted with permission from Ref. [71]. Copyright 2014 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (B) Aujs NCs into single-cluster-thick nanosheets. Reprinted
from Ref. [72]. with permission. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

We will discuss another example where Au NCs protected with hydrophobic alkyl
thiol are self-assembled into single-cluster-thick sheets through vdW and intercluster
hydrophobic-hydrophobic attraction [72]. The self-assembly and reorganization are due to
the slight difference between two miscible solvents, BE and LP (dibenzyl ether and liquid
paraffin, respectively) (Figure 3B). Solvent evaporation is enhanced after annealing at
140 °C, and Auys clusters aggregate [72]. The elevated temperature to enhance the mobility
of the DT alkyl chain and the hydrophobic attraction between two NCs is also found to
be 7 KgT. This strong interaction leads to the formation of the aggregate into nanosheets.
The interfacial energy at the LP-BE surface also drives the reorganization process to form
single-cluster-thick sheets. Therefore, by choosing stabilizing ligands as the capping ligand
for MNCs or appropriate solvents, van der Waals interactions can be controlled to guide
the self-assembly processes.

3.3. Electrostatic Interaction

The electrostatic interactions between the NCs can primarily control the formation of
directed self-assembly. Electrostatic interaction is almost as ubiquitous as van der Waals
interactions. The unique property is that electrostatic interaction can be attractive, repulsive
or directional, whereas van der Waals interactions are attractive in nature. The charge of the
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overall NCs or alteration of the surface capping groups introduces variation in self-assembly
morphology [73]. Several electrostatic interactions such as C-H---7 interactions, agostic
interactions, H- bonding, and 7—mt stacking between the NCs can direct the formation of
these arrays. The structure of the NCs can be also modulated by the change in symmetry of
the ligand environment. Though the Aug6(p-MBT)gy NCs [p-MBT = p-methylbenzenethiol]
have nearly spherical geometry, they do not prefer cubic arrangement; instead, they formed
lower symmetry monoclinic arrangement [74]. This monoclinic packing is driven by the
intermolecular C-H:--7 interaction, maximizing the van der Waals interaction between the
ligands. It is essential to match the symmetry to maximize the interaction of surface ligands
in ordered assembly. In this case, the p-MBT ligands self-organize amongst themselves in
a highly ordered manner. Twenty-five of the surface ligands at the pole site are arranged
into four pentagonal circles (Figure 4A). Along with this «-rotation, there are 3-parallel
patterns at the waist site having six p-MBTs arranged into three alternating parallel pairs.
The highly ordered surface p-MBTs are found to interact between the C-H bonds from
the phenyl moiety or the -CHj3 groups and the H-electrons. This intermolecular C—H---7
interaction specifically stabilizes the 25 p-MBT ligands at the pole as well as ligands of
the 3-parallels (Figure 4B) [74]. Another exciting phenomenon was discovered by Tang’s
group where Au NCs self-assembled into nanocubes with uniform body-centered cubic
(BCC) packing and generated unique properties different from the individual NCs [75].
The chirality of Au NCs was changed by simply changing the chirality of the capping
ligand from R to S-Tol-BINAP. Auz[R-Tol-BINAP];Cl and Auz[S-Tol-BINAP]3Cl NCs [(R)-
or (5)-2,2"-bis(di-p-tolylphosphino)-1,1’-binaphthyl] were prepared, and the Au atoms
experienced strong aurophilic interactions amongst each other (Figure 4C) [75]. The DLS
study reveals that the clusters were in a dispersed state when 40% n-hexane was used, and
after that, aggregates started forming. With 60% n-hexane, the aggregates were irregular
and amorphous, becoming uniform nanocubes with 70% n-hexane. From the crystal
structural analysis of the self-assembled nanocubes, it was found that each Au cluster faced
six nearby Au clusters where three Au clusters were involved in C—H---7t interaction with
the central Au one forming both outward and inward ring pairs. Another three Au clusters
also experience C—H---m interactions, and the energy was ~1.5 to 2.5 kcal /mol, which is
much higher than the molecular thermal energy (0.57 kcal/mol).

Figure 4. (A) The arrangement of the ligands on the surface and (B) representation of the C-H:--7t
interactions stabilizing the surface patterns of Aupss(p-MBT)gy NCs. Adapted with permission from
Ref. [74]. Copyright 2016, American Association for the Advancement of Science. (C) Structural
representation of Aus[(R)-Tol-BINAP]3Cl and Aus[(S)-Tol-BINAP];Cl. Adapted from Ref. [75] with
permission. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

139



Nanomaterials 2022, 12, 544

Self-assembly of Cu; NCs from rods to platelets to ribbon-like structures can be di-
rected with three different positional isomers of the surface capping ligand (Figure 5A) [76].
From the matrix-assisted laser desorption ionization mass spectrometric study; it is clear
that the steric hindrance of the ligand is responsible for morphological evolution, keep-
ing the individual building block (Cuy NCs) constant for all the assemblies (Figure 5B).
Although the composition is identical, the building blocks experience the different extent
of agostic interaction (Cu---H-C) for three different isomers of the dimethylbenzenethiol
(DMBT) ligand depending on the position of the -CHj group. The interplay between the
extent of agostic interaction and m—m stacking between the NCs directs the shape from
rod to ribbon. Figure 5C depicts the schematic representation of ribbon like assemblies
from Cuy building blocks where the extent of the agostic interaction is the maximum. With
these structural changes, optical properties and excited state relaxation dynamics of the red
phosphorescent assemblies are also differently correlated with their degree of compactness
(Figure 5D,E).
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Figure 5. (A) The TEM (scale bar is 200 nm) and SEM (scale bar is 100 nm) images of the
self-assembled rods, platelets, and ribbon-like structures by varying the isomers of the ligand.
(B) Structural characterization and (C) the evolution process of the assembled NCs. (D) Emission
spectra and (E) PL decay curves of the self-assembled rods (a), platelets (b), and ribbons (c), the
inset shows the digital photographs of self-assembled Cu NCs in daylight and under UV (365 nm)
excitation. Reprinted with permission from Ref. [76]. Copyright 2021 Royal Society of Chemistry.

Xie et al., obtained customizable shapes of Agys(p-MBA)3g (p-MBA = para-mercaptobe-
nzoicacid) nanocluster super crystals (SCs) by changing the counterions and their concentra-
tion of counterions [77]. The geometry changes from a lower symmetry rhombohedral (D34)
to a higher symmetry octahedral (O},) by altering H" with non-H* counterion (Cs*). Again,
enhancement of the Cs* concentration leads to tailoring the geometry from Oy, to concave
On. The growth kinetics of the SCs manipulate the shape and electrostatic interactions,
which follow the charge-screening-assisted nucleation mechanism. Thus, we can conclude
that the degree of electrostatic interaction is a primary decisive parameter leading to aggre-
gate formation with the oppositely charged systems. One of the recent studies by Pradeep’s
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group showed that simple hydrogen bonding could also direct the self-assembly of NCs
using the previously discussed ligand p-MBA. Gold nanorods were functionalized with
p-MBA, and Agy4 NCs were allowed to interact with this GNR@p-MBA, which resulted in
directed self-assembly (Figure 6A) [78]. Agysy NCs form assembly through H-bonding with
carboxylic acid dimerization of the capped surface ligands. Pradeep et al., investigated
the factors directing the morphological evolution. This study suggested that the p-MBA
molecules functionalized on GNR can interact with the surface capped ligands of Agay
NCs, leading to a decrease in the extent of H-bonding interactions between the ligands
of two adjacent NCs. Self-assembly of Agys NCs capped with p-aminothiophenol (PATP)
into uniform and highly ordered lamellar silver nano leaves (NLs) was studied by Wang's
group [79]. The main driving forces to direct the self-assembly process are electrostatic
or covalent bonding and 7—m stacking. A couple of studies confirm that the PATP exists
in a quinonoid model where the -NH, (electron-donating group) and the —-SH (electron
acceptor group) are connected by a conjugated benzene moiety. The Ag NCs are bound
with these -SH and —-NHj groups of the PATP ligand existing in quinonoid form (Figure 6B).
The smallest building blocks for this lamellar assembly are [Ag,5(PATP)]°*, and they are
interconnected as Agys-PATP-Agss. Now, 7i—mt stacking interaction between the adjacent
benzene rings of the building blocks leads to the formation of uniformly ordered silver
NLs. To minimize the steric repulsion and entropy, head-to-head assembly is formed with
the help of dipole-dipole interactions, whereas the m—m stacking having the temperature
and solvent effect leads the side-by-side organization process.
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Figure 6. Schematic representation for the (A) self-assembly of Agss NCs on the GNR@p-MBA
surface. Adapted with permission from Ref. [78]. Copyright 2018 Wiley-VCH Verlag GmbH &Co.
KGaA,Weinheim. (B) The quinonoid form of the PATP ligand (a) and formation mechanism of
uniform lamellar Ag nano leaves (b,c). Adapted with permission from Ref. [79]. Copyright 2013
American Chemical Society.

3.4. Metallophilic Interaction

The M---M bond in self-assembly is attributed to the weak attractive interaction
between the electrons in the filled d'° or pseudo-filled (d®) orbital of the metal. The
manifestation of metallophilic interaction is crucial for the self-assembly of many NC
compounds. Metallophilic interactions have been observed for the late transition met-
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als, more prominently group 11 M(I) salts [80]. Metallophilicity directed assembly has
recently turned into an emerging area of research, and several studies are reported based
on aurophilic (Au'---Au'), argentophilic (Ag'---Ag'), and cuprophilic (Cu!---Cu') interac-
tions [41,81,82]. Metallophilic interaction in the shell is a decisive parameter for the lumi-
nescence of NCs [83]. Xie et al. designed a colloidal self-assembly of [Au5(SR)1g]~ NCs
into nanoribbons using aurophilic interaction (Au'---Au') (Figure 7) [82]. The self-assembly
is initiated by the surface motif reconstruction of NCs from the pristine SR-[Aul-SR], motifs
to longer SR-[Au!-SR]y motifs (x > 2) along with a partial expense of Au" species from the
Auyj core. This is confirmed by XRD patterns of randomly aggregated [Auys(p-MBA)g]~
NCs and XPS of Au 4f (Figure 6). The XPS spectra show an increase in Au' species accom-
panied by Au’ reduction in the self-assembled nanoribbons (Figure 7). The Au L; edge
X-ray absorption near edge structure (XANES) and FT-EXAFS showed a distinct increase in
the content of Au-S and Auggaple —AUstaple characters, which supports the formation of long
SR-[Aul-SR], motifs. The aurophilic interaction is the driving force for the 1D arrangement
of Au NCs into nanoribbons. Aurophilic interaction (Au!---Au') plays a crucial role in
switching fluorescence to phosphorescence. A small-angle X-ray scattering (SAXS) study
confirmed the presence of Au-Au interaction, which drives the self-assembly process and
also determines phosphorescence. Bakr et al. reported that argentophilic interactions are
crucial for the stability of the silver cluster skeleton [84]. From the single crystal analysis,
the Ag-Ag distance is shorter than the van der Waals radius (~3.44 A), which indicates
argentophilic interactions in 0D NCs of the Agj¢ skeleton. Further, with the employment
of a chloride template, 4,4 -bipyridine linker, controlled assembly of 0D, 1D, and 2D NCs
based framework can be achieved. The importance of argentophilic interaction in directing
the self-assembly is also reflected in a study by Xin et al. [81]. Here, Agg NC constructed a
nanofibre structure by interacting with succinic acid. Argentophilic interaction (Ag'---Agl)-
directed assembled structure was obtained with aggregation-induced emission. Zhang
et al. reported the self-assembly of Cu NCs capped by 1-dodecanethiol with enhanced
luminescence. This significant enhancement in PL largely depends on the NC interactions
(Cu'---Cul) and the rigidity of the capping ligands. In this case, two different cuprophilic
interactions exist, intra and inter cuprophilic interactions between two NCs. In the case of
ribbons, the loose arrangement of NCs results in weaker cuprophilic interaction [41]. The
control in structural geometry from sheet to ribbon depends on the extent of cuprophilic
interactions. Experimental findings and computational studies declare that the metal-
lophilic interactions are weak and are surpassed by strong electrostatic interaction or
solvent molecules. Although several studies of self-assembled MNCs have been reported
based on metallophilic interaction, the strength and nature of these interactions in MNC
assembly are poorly understood.
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Figure 7. (A) Schematic illustration of the aurophilic interaction-directed self-assembly process.
(B) SEM and (C) High-angle dark-field scanning TEM (HAADF-STEM) images of the nanoribbons
obtained by the self-assembly of [Auys(p-MBA)g] ™ (scale bars are 300 nm for both). (D) Au 4f XPS
Study of the self-assembled structures. Reproduced from Ref. [82] with permission. Copyright 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.5. Amphiphilicity of NCs

Amphiphiles are natural or synthetic molecules that can form self-assembled micelles,
nanotubes, nanofibers, lamellae-like structures, etc. Amphiphiles are composed of hy-
drophilic and hydrophobic components. Despite having weak forces, it helps the overall
structure become more flexible toward the formation of assembly. Hydrogen bonds are
essential for the amphiphiles to gain stability in solution, and hydrophobic interaction is the
second driving force to form an assembly [85]. The hydrocarbon amphiphiles can be used
widely in nanotechnology, self-assembly of noble metal NCs, and also in the surface modi-
fication of the NCs. For example, the self-assembly of amphiphilic Auys(MHA);3@xCTA
NCs (MHA = 6-mercaptohexanoic acid, x = 6-9 and CTA= cetyltrimethylammonium) into
stacked bilayers with regular interlayer packing can be observed at the air-liquid interface
(Figure 8A) [86]. This was formed by the ion-pairing reaction between CTA*, hydropho-
bic cation, and —COO™, derived from the anionic carboxylate group of the hydrophilic
NCs. The potential amphiphilicity of the NCs is observed because of the coexistence of
hydrophilic MHA and hydrophobic MHA---CTA ligands on the NC surface as well as
the flexible chain structure of the surface ligands. Zeng et al. reported the self-assembly
of metal NCs guided by the electrostatic repulsive force among surfactant molecules and
metal halides. Au NCs form a hierarchical rod /tube-like assembly, whereas giant vesicles
and dandelion-like assembly can be found for Pt NCs. Pd NCs and PdS NCs self-assemble
into rhombic/hexagonal platelet-like structures (Figure 8B) [87]. Hao et al., in their study,
showed an enhancement of fluorescence intensity with the formation of self-assembled
amphiphilic Cu NCs [88]. The amphiphilic complex of GSH-capped Cu NCs was prepared
by electrostatic interaction and then assembled in an aqueous solution in the presence
of a surfactant by rearranging the surface ligands. GSH-Cu NCs are the building blocks
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that self-assemble in the presence of hydrophilic and hydrophobic moieties, resulting in
supramolecular architectures.
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Figure 8. Schematic illustration of the amphiphilicity directed (A) self-assembly process of
Auys(MHA)13@xCTA NCs. Adapted with permission from Ref. [86]. Copyright 2015 American
Chemical Society. (B) Transformation of Au, Pt, and PdS NCs into rod, dandelion, and platelet-like
structures. Adapted with permission from Ref. [87]. Copyright 2014 American Chemical Society.

4. Template-Directed Assembly

In the above section, we have discussed the assembly induced from surface ligands;
templates such as DNA, polymers, and macrocycles can also influence the self-assembly
process. Templates are a substrate with an active site to bind with the NCs. The variation in
templates can result in different assembled morphologies by controlling the interaction in
the hybrid assemblies. We will discuss some recent progress on template-directed assembly
that entirely depends on template-NC interaction.

4.1. DNA Template-Directed Self Assembly

DNA-templated MNCs are a new generation of functional materials, which have
widespread applications in catalysis, sensing, bio-imaging, and therapeutics [51]. This sec-
tion will demonstrate the structures and optical properties of DNA-functionalized MNCs.
DNA is one of the emerging materials for constructing supramolecular assemblies [89].
Highly fluorescent and color-tunable Ag NCs can be synthesized by choosing a proper
sequence of DNA templates. Martinez and co-workers synthesized bright emitting Ag
NCs by using different arrangements and lengths of single-strand DNA (namely, Agl, Ag2,
Ag3, and Ag4); for example, green fluorescent Ag NCs (Aery = 550 nm) were synthesized
by using the Agl sequence. Similarly, the emission of the Ag NCs was tuned to 600 nm
(orange), 650 nm (red), and 700 nm (NIR) using other DNA sequences Ag2, Ag3, and Ag4,
respectively (Figure 9A). The stability of these Ag NCs is mainly dictated by the sequence
and the length of DNA [90]. NIR-emitting Ag NCs (Ag4) are most stable under salt condi-
tions compared to the other three NCs because Ag4 has a longer nucleotide length, which
prevents the salt-induced aggregation of the NC core.
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Figure 9. (A) Excitation and emission spectra of Ag NCs showing the wavelength-tunable Ag NCs
by using different lengths and sequences of DNA. Adapted with permission from ref [90]. Copyright
2010 The Royal Society of Chemistry. (B) Cu NPs nanoparticles synthesized by reduction of the
ssDNA-Cu?* complex. Cu-ssDNA (blue) represents ssDNA that can serve as a template for Cu NPs,
and NCu-ssDNA (green) does not have Cu NP formation capability. The size of Cu NPs depends
on the length of Cu-ssDNA. Adapted with permission from ref. [91]. Copyright 2013 John Wiley &
Sons, Inc. (C) Formation of luminescent Ag NCs by the sequence-specific DNA hairpin structure
and excitation (I) and emission (II) spectra of red- and yellow-emitting NCs. (D) AFM image of the
red emitting Ag NCs (a), inset shows the cross-sectional analysis of the self-assembled Ag NCs and
confocal microscopy image of wire-like self-assembled Ag NCs with red fluorescence (b). Adapted
with permission from Ref. [92]. Copyright 2013 American Chemical Society.

Qing et al. synthesized ultrasmall-sized fluorescent copper NCs using poly-thymine
as a template [91]. First, they prepared the DNA-Cu?* complex with sequence-specific
DNA in MOPS buffer and then reduced it to Cu NCs. Different types of single-stranded
DNA were used as templates, namely, single-stranded DNA (ssDNA), poly adenine (poly-
A), ploy thymine (poly T), ploy guanine (poly G), and poly cytosine (poly C). Only the
Cu NCs templated by poly T emitted fluorescence at 615 nm under the excitation of 340
nm light. In contrast, no such fluorescence was observed for other sequences (poly A,
G, and C). The fluorescence intensity of Cu NCs increased as a function of the length of
poly T. Moreover, the size of Cu NCs was dictated by the length of poly T of the ssDNA
template. Furthermore, they used different types of T-rich domain ssDNA (40 mer). They
found that a particular sequence domain produced intense fluorescent Cu NCs. Thus, it
was concluded that T polymerization has an important role in forming fluorescent Cu
NCs (Figure 9B). NC-based self-assembled structures exhibit more compactness, strong
fluorescence, and excellent photostability than bare NCs. Willner and his co-worker
reported self-assembly Ag NC-polymerized nanowires using a sequence-specific DNA
template [92]. Two different emission colors Ag NCs were prepared, yellow emission (Aem
=570 nm) and red emission (Aem = 635 nm) (Figure 9C). Self-assembled NCs are seen from
AFM and confocal fluorescence microscopy (Figure 9D). The length of the red-emitting
self-assembled Ag NCs is in the micrometer order.

145



Nanomaterials 2022, 12, 544

4.2. Linker-Directed Assembly

The intrinsic attractive interactions among themselves generally drive regulated self-
assembly of molecular NCs, leading to large superstructures. However, small thiolate
or non-thiolate ligands that can provide coordination sites to the NCs can control the
inter-NC assembly. Ackerson et al. reported a diglyme linker’s dynamic assembly of
Auy)(PET)15 NCs [93]. The close spatial proximity between the NCs core via weak diglyme
oxygen-Au interaction caused electron delocalization in dimeric Auy-diglyme-Auyy. On
the flip side, thiolate ligands can covalently attach to the Au core to form a dimeric and
trimeric assembly of NCs, which are well-separable by chromatographic techniques [94].
The multimers of plasmonic Au.;59 NCs exhibit additional transitions in their absorption
spectrum due to hybrid LSPR modes. The assembly of NCs via coordinating molecules can
be rationally extended to the metal-organic frameworks (MOFs), also referred to as cluster
assembled materials (CAMs), with enhanced functionalities and improved photophysical
properties. Suitable organic ligands can bind and spatially separate the NCs to form a
three-dimensional rigid framework. Luminescent dodecanuclear Agi, NCs form rigid
NC-based MOFs by coordinating linear 4,4’-bipyridine (bpy) ligands [95]. The incoming
bpy ligands replace the terminal CH3CN molecules from Agj, NCs and connect the Ag-S
NC-based nodes, leading to a porous coordinating framework with yearlong stability in
contrast to the few minutes of stable-isolated NCs (Figure 10). Moreover, the MOF exhibits
enhanced QY (12.1%) and ultrafast dual-functional fluorescence switching with turn off by
O, and turn on by volatile organic molecules, which are advantageous in electronic and
sensing applications. Solvent-induced transformation of Agj, occurs in the presence of a
bpy linker to generate silver CAMs with blue-red dual emission at low temperature [96].
In addition, the mixed linker approach leads to a framework with improved luminescence
and thermochromic properties. The chiral [Au;Agy, (S-Adm) ]+ superatom serves as the
building blocks of a 3D framework with anionic forces [97]. The superatoms are packed
into a racemic mixture and enantiomerically pure crystals via intermolecular Ag-F bond
formation depending on the linker concentration. The pure enantiomers display strong
circularly polarized PL, whereas the racemic crystals show none. In another approach, pre-
synthesized GSH-capped Au NCs were incorporated in ZIF-8 by coordination-assisted self-
assembly. The spatial distribution of NCs in the framework restricted the ligand rotation
and resulted in a 10-fold increase in electroluminescence compared with aggregated Au
NCs. The linker-directed assembly of superatomic NCs has laid a foundation for further
development in CAMs with diverse functionalities and desirable physical properties.
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Figure 10. Synthesis and crystal structure of Agj>-bpy (A), luminescence quenching response to
O; (B), and vapochromic response of Agjy-bpy (C). Reproduced with permission from Ref. [95]
Copyright 2017 Macmillan Publishers Limited, part of Springer Nature.

5. Guided Assembly by External Factors

The use of external influences and fields to control the assembly process has long
been a powerful method for tailoring the morphology and optical properties of the metal
NCs. The self-assembly of metal NCs influenced by external factors such as light and
temperature will be discussed here. The self-assembly of metal NCs can be observed by
the photoactivation of NCs, with the temperature change, or by coordinating the NCs with
organic species.

Light-Triggered Self Assembly

The light-induced self-assembly of metal NCs is an emerging field of research that
can be achieved using photoactive ligands such as azobenzene and spiropyran. The
critical factor of photoisomerization is extensively studied for these ligands due to the
tendency to change their conformation upon irradiation of a particular wavelength of
light. In a recent study, self-assembled Cuz NCs were prepared using an azo-group-
containing ligand, which is highly light-sensitive. The straight self-assembled nanofibers
bend upon exposure to UV light instantly (Figure 11A) [98]. This structural transformation
is due to the conformational change of the azo-group-containing ligand from trans to
cis in light. This isomerization of the peripheral azo-groups in the Cus NCs results in
disassembly. Besides the isomerization process, solubility also plays a vital role. The

147



Nanomaterials 2022, 12, 544

straight nanofibers were fabricated in a binary solvent mixture of toluene and methanol,
but the cis conformation was more soluble here. Thus the solvophobic interaction in
trans-isomer favors the aggregation process. The light-triggered self-assembly can also be
explained by taking an example of phenylethanethiol-tethered Auys NC, which is stapled
by the photoactive spiropyran (SP) (Figure 11B) [99]. T. Udayabhaskararao et al. observed
that synthesized NCs show photoisomerization in a reversible manner when exposed to UV
and visible light due to the dipolar—dipolar interaction (Figure 11C). They demonstrated
that the SP-functionalized NCs initially formed in closed rings exhibited no UV absorption
peak in the 550-600 nm region. However, exposure to UV light resulted in isomerized into
an open ring form, i.e., merocyanine with an absorption band at 587 nm, and the color
changed from yellow to purple. The self-assembly of NCs will separate again in a closed
ring form if incubated in dark or visible light. Therefore, the assembly—-disassembly can be
obtained several times for the SP-functionalized NCs; using this strategy, light-induced
assembly was found in NCs. Similarly, using the Brust Schiffrin single-phase method,
Rival et al. synthesized monothiolated azobenzene-protected Auys NCs showing light-
triggered reversible self-assembly—disassembly when irradiated with UV light (365 nm)
and visible light (435 nm) [100]. This study shows an attractive disc-like superstructure
was obtained due to self-assembly of [Auy5(C3-AMT)ig]~ NCs. The photoactivation of NC
in the presence of light results in long-range self-assembly and is analyzed using atomic
force microscopy AFM, DLS, TEM, and subsequent ET reconstruction. Apart from this,
they also synthesized phenylethanethiol (PET)-capped gold NC, with no photoswitching
effect. Secondly, the synthesized PET analog [Auys (PET);3] NC obtained the same TEM
images of individual NCs before and after the light-induced assembly. Here, the attractive
dipole-dipole interaction was the driving force for the formation of superstructures of NC
upon illumination of light.
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Figure 11. (A) Morphological transformation of self-assembled nanofibers triggered by light. Adapted
with permission from Ref. [98]. Copyright 2021 Elsevier. (B) Schematic representation of the light-
controlled self-assembly process. (C) The reversible isomerization of spiropyran on Aups NCs in the
presence of UV light and digital photographs of AupsSP_3 sPET 14, in THF solution upon exposure
to UV and visible light alternatively. Reprinted with permission from Ref. [99]. Copyright 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Zhang et al. synthesized thiolated azobenzene-capped Cu NCs with light-triggered
self-assembly phenomena in a different study [101]. The formation of long nanoribbons of
Cu1DTgAcy NCs was due to the observed permanent dipole moment. The combination of
dipolar and van der Waals attraction under UV light formed a spherical superstructure.
Here, the light was used as an external stimulus for the reversible self-assembly.

Coordination between the charged MNCs and ions with opposite charges can also
direct the self-assembly process. Xie et al. reported an assembly formation via the electro-
static interaction between the negatively charged MNCs in water with the divalent cations,
e.g., Cd?* and Zn?*, added externally in the solution [102]. This assembly showed high
orderliness and regularity and enhanced PL, implying a strong synergistic effect between
the NCs. Another study of zinc-mediated self-assembly was reported by Chattopadhyay
et al. [103]. This report investigated programmable assembly formation between the mixed
ligand (L-histidine and mercaptopropionic acid)-capped Auyq NC and Zn?*. Anisotropic
assembly was designed with Ags; and Agys NCs using tBuCsH,SH and MeOCgH4SH
and a bis-(diphenylphosphino) methane ligand [104]. This study revealed that the lig-
ands’ regiospecific distribution and arrangement formed the anisotropic growth. A very
recent study reported the formation of chiral assembly from achiral, atomically precise
Agg NCs [105]. Here, a second metal ion, Ba?*, facilitated the assembly process, and thus
nanotubes with chiral cubic lattice were obtained. These hierarchically organized self-
assembled structures formed chiral hydrogels with enhanced luminescence in an aqueous
solution. Other external stimuli on which the self-assembly process largely depends are
pH and the solvent. As these parts were focused on in many previous articles, we do
not discuss them in detail [4,51,52]. We will discuss a couple of examples regarding these
factors. Tan et al., in their study, synthesized a self-assembled structure from thiosalicylic
acid-capped silver NCs, which showed nanofiber-like morphology. The assembled geome-
try can be tuned from nanofiber to amorphous morphology with the solvent change from
THEF to toluene [106]. A diphosphine-protected [Aug]** cluster exhibited aggregation in an
aqueous organic solvent with an appropriate water content. In a specific range of water, the
aligned cluster assembly showed a J-aggregate-like absorption response and PL enhance-
ment [107]. Liu’s group used a pH-guided assembly strategy to fabricate protein/Cu NC
hybrid nanostructures with stable and bright luminescence properties [108]. The aggregates
showed strong AIE behavior at pH 3.0, but the high reversible pH-responsive nature of
Cu NCs showed weak luminescence at pH < 1.5 or >4.0, and the aggregates were soluble.
These strategies are used to design some new architectures with unique properties for
specific applications.

6. Optical Properties of Self-Assembled Nanoclusters: Aggregation-Induced Emission

Luminescent MNCs are highly in demand because of their various application possi-
bilities in bioimaging, biosensing, fabrication of LEDs, etc. However, MNCs with sub 2 nm
size have very low QY, limiting their practical applications [109,110]. The luminescence
property can be improved by aggregation-induced emission strategy, which Tang’s research
group first discovered [111]. Self-assembly is an efficient strategy for achieving tunable
emission and customizable shape and size of the ordered structures by modulating the
spatial distribution between the building blocks. For example, by controlling the inter NC
distance between the individual Cu NCs, Zhang et al. tuned the photophysical behavior sig-
nificantly [38]. The inter-NC distance is controlled by changing the solvents with different
dielectric constants. The radiative relaxation from the Cu-centered triplet state influences
the charge transfer from ligand to the Cu core, and it changes the emission color. This
study reveals that the solvents can regulate the aggregation process effectively along with
their luminescent behavior. However, the luminescence property of the MNCs depends
both on the metal core and the surface capping ligands (see Section 2). Though many
works have been done by restricting the rotational and vibrational motion of the capping
ligand to alter the self-assembly-induced emission, very few studies reveal the effect of
the metal defects on AIE. Zhang et al. demonstrated the effects of metal defect states in
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their self-assembly of dodecanethiol (DT)-capped Cu NCs (Figure 12A) [112]. The metal
defect states speed up the self-assembly process by coordinating with Cu and changing
the surface properties of self-assembled nanosheets. The enhancement in absolute QY
originated from a triplet state (T;) related to metal defects. Figure 12B depicts that T; is
the original triplet state determined from ligand to metal-metal charge transfer (LMMCT),
whereas metal defects largely influence T,, thus providing a lower energy level. This
phenomenon allows the relaxation to occur from the T, state to the intermediate state
attributed to the metal defects. As a result, they observed a red-shifted emission from 490
to 550 nm with an enhanced QY of 15.4%. Here, the increased Cu(]) facilitates the radiative
relaxation process. Based on this strategy, Au(I) was doped onto the Cu NC-self-assembled
nanosheets to influence the LMMCT process deliberately [113]. Doping with the Au atom
enhances the QY and results in red shifting of the emission. This result is attributed to the
Au(I)-Cu (I) metallophilic interaction-directed charge transfer from Cu to Au. Doped Au
on Cu self-assembled nanosheets generates a stable Au(I) centered state, which leads the
charge transfer from the ligand to Cu and then from Cu to Au. Therefore, a red-shifted
emission spectrum is observed at ~600 nm with a longer lifetime, as the Au(I) doping
lowers the energy.
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Figure 12. (A) Schematic representation of the excited state relaxation dynamics of the Cu NC-self-
assembled nanosheets (Adapted with permission from Ref. [112]. Copyright 2017 American Chemical
Society) and (B) self-assembled nanosheets of Cu NCs with Au doping. Reprinted with permission
from Ref. [113]2. Copyright 2017 American Chemical Society. (C) TEM images of individual Cu NCs,
self-assembled ribbons, and self-assembled sheets of Cu NCs. Inset shows the emission under 365
excitation. Adapted with permission from Ref. [41]. Copyright 2015 American Chemical Society.

In addition to metal defect states, metallophilic interactions are essential to produce
self-assembled NCs with significant luminescence enhancement. A controlled and ordered
cuprophilic Cu(I)---Cu(I) interaction assisted Zhang’s group to report assembly-induced
emission [41]. They designed a blue-green emissive assembly, and the emission peak was
centered at 490 nm with a QY of 6.5%. The assembly-induced emission greatly depended
on inter and intra-NCs cuprophilic interactions and the rigidity of the capping ligands
(Figure 12C). Firstly, the cuprophilic interactions influenced the radiative relaxation, and
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secondly, the non-radiative relaxation decreased upon the restriction of the vibration
and rotation of the ligands. Although the highest QY was achieved with self-assembled
ribbons, they also prepared loosely bound self-assembled sheets with a reduced QY of 3.6%.
This result signifies a strong correlation between the cuprophilic interaction and emission
enhancement. Based on this strategy, another self-assembled Agg NC was also prepared,
promoting the implementation of AIE [81]. Xin’s group prepared Ago(MBA)9 NCs, which
produce luminescent hydrogels in interaction with succinic acid. Several non-covalent
interactions along with argentophilic interaction are responsible for the assembly-induced
phosphorescence emission. The phosphorescence is said to originate from a triplet state
attributed to argentophilic interaction with LMMCT. On hydrogel formation, the ligand’s
rotation becomes suppressed, which lowers the energy of the triplet state and yields bright
orange-red emission, whereas for solution-state Agg NCs, the surface ligands are free to
rotate or vibrate, and thus non-radiative relaxation channels increase. The self-assembled
highly phosphorescent nanofibres can be used as a phosphor LED.

Another fundamental question may arise between the M(0) core and M(I)-SR: which is
more efficient for the PL enhancement? Several studies have revealed that metalcore solely
does not determine the PL properties, as NCs with the same no. of metalcores but different
surface capping ligands result in various PL phenomena. Xin et al. discovered an exciting
finding based on the AIE strategy where the non-luminescent oligomeric Au-(I)-thiolate
complexes became highly luminescent upon aggregation. The luminescence originated
from a metal-centered triplet state, and it depended strongly on the degree of aggregation.
The increased aurophilic interaction in the denser aggregation enhanced the luminescence
by reducing the non-radiative relaxation probability of the excited states [114]. Furthermore,
Xie et al. synthesized a weakly emitting gold NC with a QY of 7%; 60% luminescence
enhancement occurred by rigidifying the Au(I)-thiolate shell of NC with cations due to
aurophilic interaction [115]. Most importantly, the rigidity of the gold shell by binding with
bulky groups resulted in a drastic reduction of the non-radiative channels.

The change in core composition also influences the PL properties. For example, Xie
et al. developed Au@Ag NCs where Ag(I) acts as a bridge between slight Au(I)-thiolate
motifs and generates aggregation-induced emission [116]. The relative QY was found to
be 6.8%, with a strong red emission at 667 nm. This luminescence was generated from the
metal-centered triplet state affected by the Au(l)/Ag)(I)-thiolate surface state. In another
study, an anti-galvanic exchange reaction achieved bimetallic NCs with strong emissions.
Bain et al. synthesized MPG capped Au NCs, which exhibited very weak red fluorescence
at 735 nm, whereas the bimetallic AuAg NCs showed bright luminescence at 674 nm
(r-AuAg) and 574 nm (y-AuAg) with different Ag concentrations (Figure 13A). In this study,
aggregation-induced emission strongly depended on the length of surface motifs, and this
impacted the photophysical properties of AuAg NCs. Further, the solvent played a vital role
in engineering the surface motifs of the NCs, and accordingly, 13-fold PL-enhancement was
found for y-AuAg NCs. The TEM images confirmed that circular assembled structures were
formed with a 60% water-EtOH mixture (Figure 13B). Therefore, the PL intensity increases
with the degree of aggregation. Further, the excited state lifetime study revealed that the
Au-thiolate motifs are more stable in a less polar solvent, which causes the enhancement
of emission intensity (Figure 13A) [117]. Another solvent polarity-directed controlled
assembly of NCs was employed by our group previously to improve the PL QY as well
as tune the emission color [118]. The red luminescent Cusz4.32(5G)16-13 NCs showed very
weak emission at ambient temperature but bright-red emission upon freezing (temperature
< 0 °C). The restriction of molecular motion in the frozen state may be attributed to the
emission enhancement. With increasing EtOH from 0 to 90% (Figure 13C,D), the particles
with low surface charge suffered from a loss of stability in the solution. Therefore, the
particles came closer due to inter and intra Cu(I)-Cu(I) cuprophilic interaction. The Cu NCs
in an aqueous medium undergo fast internal conversion from Sy, to S; and subsequently
to a triplet state (T) (Figure 13E). Further, this comes down to a low-lying triplet state T
and undergoes radiative relaxation to the ground state (Figure 13E). The enhancement of
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intensity after aggregation is due to the restriction of the rotational and vibrational motion
of the ligands. Here, the radiative decay occurred directly from high-lying Ty, which

resulted in blue shifting of the emission maxima from 625 to 597 nm.
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Figure 13. (A) Temperature dependent PL spectra of (i) r-rAuAg and (ii) y-AuAg NCs, (iii) enhance-
ment of PL for Au and AuAg NCs by changing the volume fraction of ethanol/water (v/v), (a) Au
NGCs, (b) r-AuAg, and (c) y-AuAg NCs and (iv) time resolved decay curves of y-AuAg NCs with (a)
0% and (b) 60% ethanol (lex = 415 nm). Inset shows the digital picture of y-AuAg NCs in fv = 0% and
fv = 90% under UV-light (365 nm) excitation. (B) TEM images of NCs in 60% water—ethanol (v/v)
mixture: (A,D) Au NCs, (B,E) r-AuAg NCs, and (C,F) y-AuAg NCs. Adapted with permission from
Ref. [117]. Copyright 2020 The Royal Society of Chemistry. (C) Digital photographs of Cuz4-32(SG)14-13
NCs with EtOH volume fraction of (a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, and (f) 90% under
daylight and UV (365 nm) illumination. (D) PL spectra of Cu34-32(SG)16-13 NCs in an EtOH volume
fraction of (a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, and (f) 90%. (E) Schematic diagram of excited
state dynamics and origin of emission in Cuss3(SG)16.13 NCs. Adapted with permission from
Ref. [118]. Copyright 2019 American Chemical Society.

The self-assembly of Aus[R-Tol-BINAP]3Cl drastically changes the optical properties
compared to the non-luminescent Au NCs. The self-assembly exhibits an orange emission
centered at 583 nm, and a significant stoke shift (~138 nm) suggests phosphorescence,
originating from a triplet state LMCT or LMMCT. These assemblies also show strong
circularly polarised luminescence (CPL) response. The PL intensity is found to display
enhancement with the increase in the n-hexane fraction, and the maximum intensity is
found with 70% n-hexane (QY ~3.6%). Structural and morphological characterization was
brought into play to decode the factors behind such behavior. Concentration-dependent
'H NMR spectroscopy revealed that the strong C-H: 7t interaction amongst the assembled
Au NCs limits the intramolecular rotation of the chiral ligands. Consequently, the non-
radiative channels for relaxation are closed, and the radiative decay dynamics increase
drastically [75]. The aggregation strategy induces the enhancement of the luminescence
property and can change the origin of emission. Konishi et al., in their study, displayed
the switching of emission type from fluorescence to phosphorescence upon aggregation of
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[core + exo]-type [Aug]** clusters [119]. Monomeric NCs show fluorescence, whereas their
aggregation displays phosphorescence-type emission, primarily due to the closed packing
of NC assemblies. The phosphorescence can be observed only at a particular alignment of
the NC orientation.

The electronic interaction between NCs in the assembled structures dramatically
influences the dynamics at an ultrafast time scale. Dimeric Auyg-diglyme-Auyy showed
different relaxation behavior compared to Auyy-diglyme [93]. Circularly polarized pump
pulses can differentiate between low-spin monomer and high-spin dimeric species, as Augpo-
diglyme-Auyg exhibits additional picosecond decay due to the spin-fli p relaxation process.
Knappenberger, Jr. et al. later investigated the effect of the length of bridging molecules
on the electronic transitions of dimeric assemblies [120]. The increase in the dimer-specific
electronic relaxation time with the decrease in the length of bridging molecules reveals the
presence of intercluster distance-dependent electronic states. An unprecedented appearance
of electron—-phonon coupling, which is the characteristic of plasmonic NPs, is observed
in the one-dimensional assembly of Agy(S5-Adm)g building units [121]. The pump power-
dependent exciton relaxation dynamics indicate that the CAMs exhibit molecular-like and
plasmonic behavior. Further investigation into the ultrafast dynamics of self-assembled
materials will unveil the detailed electronic coupling owing to inter-NC interactions. These
discussions mentioned above manifest a solid correlation between the structural and optical
properties of the self-assembled NCs. Tailoring the surface motifs to fabricate architectures
with customized composition, length, and shape synchronously engineer their optical
properties. Indeed, in addition to enhance the emissive properties of NCs through the
self-assembly formation, the use of chiral NC leads to strong circular dichroism intensity
and a remarkable circularly polarized luminescence response [70].

7. Conclusions and Outlook

In summary, this review article has highlighted MNC-assemblies of different sizes,
shapes, and compositions, providing highly luminescent nanostructures. Such self-assembly
presents the capacity to reduce solvent accessibility, restrict the floppiness of surface ligands,
and increase metallophilic interactions through various supramolecular forces. Different
types of nanoscale forces such as dipolar interactions, van der Waals interactions, elec-
trostatic interactions, hydrogen bonding, C-H---m interaction, m— stacking, metallophilic
interactions, and amphiphilicity along with the external triggers are responsible for directed
self-assembly process of MNCs. The reduction in free energy during the assembly is the
main driving force for this process.

A comprehensive mechanistic understanding of the origins of PL in the self-assembly
of NCs is mandatory; in particular, understanding the molecular-level details and structure—
property correlation will require a more well-established crystal structure of self-assembly
of NCs. The quantum chemistry approach (already well explored by the TD-DFT level
of theory in individual MNCs) should bridge the gap to address the photophysical prop-
erties of MNCs embedded in self-assembly. In particular, a combined quantum chemical
and molecular mechanics method (QM/MM) implementation using periodic boundary
conditions might be applied to two-dimensional arrays of metal clusters protected by
organic ligands. Such hybrid methods could thus address photophysical processes in
the assembly of NCs across length- and time-scales. A combined experimental and theo-
retical approach including QM /MM tools and computational simulation techniques can
provide a holistic description of the nature of the interactions present in self-assembled
nanoclusters. QM /MM and molecular dynamic simulations should be developed to sim-
ulate self-assembled molecular systems, where an explicit description of changes in the
electronic structure is necessary.

Although the emphasis of this review is on the structural correlation of the assemblies
with the optical properties, the mechanistic understanding behind the assembly formation
is also essential. The successful assembly formation into desired morphology depends
on maintaining a balance between the attractive and repulsive forces between the NCs.
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Concerning the control of self-assembly of MNCs, there is still room for improvement.
Indeed, one can take inspiration from recent progress on the fabrication of monodispersed
nanoparticles using programmed automated techniques. A possible outcome should be the
programmable self-aggregation to activate the AIE process in the assembly of MNCs. The
templating motifs with “programmed” surface ligands that drive the assembly formation
via different driving forces should be a possibility. Alternatively, the MNC community
should learn to create more versatile superstructures with desirable nanoscale optical
properties from the metamaterial community. A variety of well-defined MNCs could be
obtained through a programmable assembly of NCs. From the scientific perspective, there
is a considerable number of reports related to the synthetic chemistry of NCs, whereas
the self-assembly of MNC:s is not well developed to conclude a relevant mechanism. A
wide range of self-assembly processes is reported where NCs are soluble in an organic
solvent. In contrast, water-soluble self-assembled NCs are limited due to their lack of
stability as crystal structures. However, these water-soluble assembled structures with
unique optical properties could be ideal for metal ion sensing, catalysis, bioimaging, and
therapeutics [95,122,123]. The assembled structures have been used as biomarkers for
cellular imaging and cancer therapy due to their enhanced physicochemical properties,
which are advantageous for biological applications [124,125]. MNCs are highly promising
in catalysis owing to their tailorable active site structure, which can also tune their catalytic
properties. The factors such as size, shape, composition, and isomerization of NCs are also
of major concern for new catalysis with high activity and selectivity through site-specific
surface tailoring [126-128] The selectivity of a catalyst is highly dependent on the mor-
phology of the MNCs [129]. The wide range of emission color tunability of assembled
MNCs makes them eligible as a competitive color conversion material in light-emitting
diodes (LEDs) [39,41,130]. The advantage of self-assembled structures in device fabrication
is due to their decreased surface-to-volume ratio as well as stable tunable emission and
their compact arrangement [32]. These veiled built structures could also bring some ec-
centric optical properties such as AlE, strong circularly polarized luminescence, enhanced
mechanochromic properties, etc. Recent progress on fabricating the NCs using templates
or linkers is highly appreciated. Aggregated NCs could be confined in a metal-organic
framework [84] or zeolite-like framework to maintain their aggregation, restrict the rotation
of their ligands, and further improve their QY [131]. Prescribed assembly of inorganic
nanoparticles (NPs) guided by the programmable DNA sequences provides a promising
method to fabricate various nano-architectures, mainly using DNA origami frame versatil-
ity [132]. Finally, simulations can be used to determine the extent of the assembly process
and the governing principles for the assembly mechanism.
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List of Abbreviations

Abbreviation Full Name

MNC Metal nanocluster

NP Nanoparticle

PL Photoluminescence

QY Quantum yield

NIR Near-infrared

IsC Intersystem crossing

vdW van der Waals

AIE Aggregation-induced emission

CPL Circularly polarised luminescence
LMCT Ligand to metal charge transfer
LMMCT Ligand to metal-metal charge transfer
NL Nano leaves

SC Super crystal

GNR Gold nanorod

AFM Atomic force microscopy

DLS Dynamic light scattering

TEM Transmission electron microscopy
XRD X-ray diffraction

XPS X-ray photo-electron spectroscopy
XANES X-ray absorption near-edge structure
FT-EXAFS Fourier transform extended X-ray absorption fine-structure
SAXS Small-angle X-ray scattering
TD-DFT Time-dependent density functional theory
BE Dibenzyl ether

LP Liquid paraffin

D3y Rhombohedral

On Octahedral

MOF Metal-organic framework

CAM Cluster assembled materials

LED Light-emitting diode

SG Glutathione

GSH Reduced Glutathione

DT 1-dodecanethiol

p-MBT p-methylbenzenethiol

DMBT dimethylbenzenethiol

Tol-BINAP [2,2'-bis(di-p-tolylphosphino)-1,1’-binaphthyl]
p-MBA para-mercaptobenzoicacid

PATP p-aminothiophenol

MHA 6-mercaptohexanoic acid

CTA cetyltrimethylammonium

ssDNA single-stranded DNA

PET phenylethanethiol

bpy 4,4'-bipyridine

S-Adm 1-adamantanethiol

SP spiropyran

C3-AMT azobenzene-alkyl monothiol

MBA 2- mercaptobenzoic acid

MPG N-(2- mercaptopropionyl)glycine
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Abstract: Metal nanoclusters have gained prominence in nanomaterials sciences, owing to their
atomic precision, structural regularity, and unique chemical composition. Additionally, the ligands
stabilizing the clusters provide great opportunities for linking the clusters in higher order dimensions,
eventually leading to the formation of a repertoire of nanoarchitectures. This makes the chemistry of
atomic clusters worth exploring. In this mini review, we aim to focus on the chemistry of nanoclusters.
Firstly, we summarize the important strategies developed so far for the synthesis of atomic clusters.
For each synthetic strategy, we highlight the chemistry governing the formation of nanoclusters. Next,
we discuss the key techniques in the purification and separation of nanoclusters, as the chemical
purity of clusters is deemed important for their further chemical processing. Thereafter which we
provide an account of the chemical reactions of nanoclusters. Then, we summarize the chemical routes
to the spatial organization of atomic clusters, highlighting the importance of assembly formation
from an application point of view. Finally, we raise some fundamentally important questions with
regard to the chemistry of atomic clusters, which, if addressed, may broaden the scope of research
pertaining to atomic clusters.

Keywords: synthesis; purification; reactions; assembly; application; nanoclusters; ligands

1. Introduction

Continuous efforts to achieve superior properties of assembled nanoscale particles
have been limited due to the resulting poly-dispersity associated with colloidal routes of
synthesis [1]. A solution to this limitation seems to have emerged from the advent of ligand-
protected atomic clusters (often called nanoclusters or quantum clusters) [2,3]. In this
case, ligands that stabilize the clusters are highly reactive in nature and thus provide facile
avenue for “ligand mediated spatial organization of nanoclusters” [4-6]. Furthermore, the
most important characteristics of atomic nanoclusters, which distinguish them from other
classes of nanomaterials, is their structural integrity [7]. Notwithstanding the significant
advancements achieved towards designing chemical routes to a synthesis of nanoclusters,
the issue of poly-dispersity—namely a collection of different ligand protected atomic cluster
sizes—remains a challenge to date. Thus, unlike other forms of nanoscale particles, a
dispersion of atomic clusters typically constitutes of structurally and chemically related
species. For example, a dispersion of nanoclusters may be purified following conventional
separation techniques such as gel electrophoresis, size exclusion based ultrafiltration and
normal and reverse phase chromatography [8]. Then, the precise chemical formula of the
nanoclusters may be deciphered using mass spectrometry [9]. This has facilitated the use
of nanoclusters in a plethora of applications such as bio diagnostics, therapeutics, catalysis
and sensing, to mention a few of their uses [10-16].
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Additionally, it has recently been demonstrated that the assembly of nanoclusters
features superior physicochemical properties vis a vis their non-assembled analogues. This
is primarily attributed to the collective properties of constituent nanoclusters in an “as-
sembly” [17]. Thus, as evidenced by the recent upsurge of studies in the literature, [17-19]
much attention is being paid towards the fabrication of complex nanostructures by using
nanoclusters as building blocks. To this end, several strategies have been developed for the
systematic organization of nanoclusters. For example, a straightforward method for assem-
bling atomic clusters into assemblies has been pursued, based on the interaction among
the ligands stabilizing the nanoclusters [20]. Similarly, the use of biological molecules
such as DNA and proteins as templates for the organization of nanoclusters have also
been reported. Notably, supramolecular interactions are also known to be instrumental
in the formation of assembly of nanoclusters [21,22]. In this regard, the use of principles
of coordination chemistry has been recognized as a possible route for the deterministic
ordering of nanoclusters [21]. Formed assemblies of nanoclusters have been demonstrated
to have enhanced stability, advanced property and superior application potential vis-a-vis
the non-assembled clusters [23].

In this mini review, we aim to focus on the developments made so far with regard
to the synthesis and applications of nanoclusters, their chemical reactions and eventual
formation of their hierarchical assemblies endowed with superior application potential.
This is deemed important to pave the way for the deterministic fabrication of tailor-made
assemblies with desired functionalities. The current account is envisioned to not only
enrich the scientific community with fundamental insights but also facilitate the advent of
advanced nanostructures with controllable chemistry and tuneable properties. First, we
focus on the plethora of strategies developed for synthesizing atomically precise clusters
comprised of various metal atoms, stabilized by a definite number of ligands. To this end,
we provide insight to the mechanism of formation of nanoclusters and thereby highlight
the critical roles played by ligands in cluster synthesis. The purification, separation and
isolation of nanoclusters is a necessary step between isolated clusters towards controlled
self-assembly. We thus emphasise the importance of standard techniques that allow for the
thorough purification of such clusters. Next, we discuss the rational strategies developed
so far to add functionality to these nanoclusters, based on the principles of coordination
and supramolecular chemistry [24]. The added functionality allows the nanoclusters to
arrange into higher dimensional structures with superior physicochemical properties vis a
vis in comparison to the non-assembled clusters. Thereafter, we justify the importance of
assembly formation.

2. Ligand-Protected Metal Nanoclusters. Comparing Gold, Silver, Copper and Nickel

There has been a significant surge in efforts to synthesize atomically precise nanoclus-
ters. The most explored metal nanocluster to date is that of gold. Gold is considered the
noblest metal, and gold clusters are usually more stable than other noble metal clusters [25].
Gold nanoclusters have been synthesized using a multitude of stabilizers, including den-
drimers, proteins, DNA, peptides and polymers. In this regard, Dickson et al. synthesized
dendrimer-protected Au nanoclusters exhibiting a quantum yield as high as 40% [26].
Polyamido amine (4th generation) were used for the reduction and stabilization of Aug
nanoclusters (Figure 1a) [26]. On the other hand, natural bio macromolecules such as
protein-stabilized gold nanoclusters have been found to be biocompatible [27]. Proteins
such as Bovine serum albumin (BSA) and Human serum albumin (HSA) have been widely
used for the stabilization of a gold nanocluster, comprising 25 Au atoms featuring red lumi-
nescence (Figure 1b) [28,29]. Other than these proteins, lysozymes, horseradish peroxidase
and insulin have also been reported to stabilize gold nanoclusters [30-32]. DNA-templated
gold nanoclusters have also been reported to feature bright luminescence, photo-stability
and biocompatibility [33,34]. In addition, small molecules such as tripeptides (glutathione)
(Figure 1c), [35-37] mercaptopropionic acid (MPA), [38] mercaptobenzoic acid (MBA), [39]
penicillamine, [40] amino acids [41,42], etc., have been used to produce atomically pre-
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cise gold nanoclusters. Interestingly, microorganisms such as bacteria have also been
used as templates for the synthesis of Au NCs [43]. The key to the synthesis of gold
nanoclusters is the exploitation of soft-soft interactions between gold and thiolated ligands,
although nitrogenous ligands are also reported to be active in the stabilization of Au NCs
in some cases.
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Figure 1. (a): Excitation and emission spectra of Aug nanodots. Inset shows digital photograph of
Aug nanodots, upon excitation at 366 nm. Reprinted with permission from [26]. Copyright 2003
American Chemical Society. (b) (A) Digital photographs of BSA stabilized Au NCs and control BSA
(solution and powder) under visible and UV light. (B) Absorption and emission spectra of BSA
stabilized Au NCs and control BSA. Reprinted with permission from [28]. Copyright 2009 American
Chemical Society. (c1) Electrospray ionization (ESI) mass spectrum of Auj clusters stabilized by
glutathione. (c2) Experimental and simulated X-ray diffraction patterns of various isomers of Auy
clusters stabilized by glutathione. Reprinted with permission from [35]. Copyright 2017 American
Chemical Society.

The synthesis of silver nanoclusters has always been considered as more challenging
than the synthesis of their gold analogues. This is due to the greater tendency of zero-valent
silver to become oxidized to their +1 oxidation state. Thus, much effort has been invested in
the synthesis of a well-defined Ag nanocluster and in exploration of their properties at a sub-
nanometer scale. Of all the strategies involved in the synthesis of Ag nanoclusters, the case
of chemical etching of Ag nanoparticles has been recognized as the most popular one. This
is largely due to the possibility of controlled Ag nanoclusters in mild etching environment.
In this regard there are several reports where Ag NPs protected by mercapto-succininc acid
(MSA) were etched to produce Agg and Agy NCs, which could further be separated using
gel electrophoresis [44]. Additionally, red luminescent Ag NCs, comprising 38 Ag atoms,
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could be produced by etching off Ag NPs capped by citrate ions [45]. Another effective
strategy employed for the synthesis of Ag NCs is based on ligand exchange. To this end,
glutathione (SG) molecules stabilizing Agss NCs were exchanged with 4 fluorothiophenol
to produce Agyy NCs, stabilized by the latter ligand [46]. Notwithstanding the advantages
of the above mentioned synthetic strategies the most effective method to obtain Ag NCs is
through direct reduction of silver salts.

Out of all classes of atomic clusters, copper-based nanoclusters were once considered
to be extremely challenging. This is due to the reactive nature of copper, leading to the easy
transformation of Cu (0) to Cu (II) in the presence of aerial oxygen. In this regard, in 2011,
Chen and coworkers successfully reported the synthesis of copper nanoclusters comprising
8 Cu atoms stabilized by four thiolated ligands [47]. The route to the synthesis of the
aforementioned clusters was based on mixing of Cu(NOs), and [N(oct)4][Br] in ethanol, fol-
lowing further treatment with 2-mercato-5N propyl pyrimidyl and reduction with NaBHj.
This yielded atomically precise Cu clusters with near homogeneity in composition. On the
other hand, highly luminescent Cu nanoclusters were synthesized using a ‘green” approach,
with protein as template. Specifically, copper precursors were incubated and reduced in the
presence of proteins such as lysozymes, which eventually led to the formation of highly flu-
orescent Cu nanoclusters with a composition ranging from Cu, to Cug (Figure 2A) [48]. Cu
nanoclusters embedded in BSA [49] and HAS [50] have also been synthesized in an allied
fashion. Additionally, other proteins, such as papain, [51] transferrin [52] and trypsin [53]
have been used for the synthesis of Cu nanoclusters. A common feature that is typical with
regard to the use of proteins in stabilizing Cu nanoclusters is that the synthetic procedure
is associated with mixing the metal precursor with protein at ambient temperatures and
with a basic pH. The use of an additional reducing agent such as ascorbic acid, NaBH,
is reported to have varied from procedure to procedure. DNA has been used to stabilize
Cu nanoclusters featuring bright luminescence [54]. Moreover, small peptides such as
L-glutathione, have been used to stabilize ultra-small Cu nanoclusters exhibiting a quan-
tum yield as high as 8.6%. However, by using the same stabilizer, but varying the ratio
of metal precursor to stabilizer Cu nanoclusters exhibiting blue luminescence have also
been synthesized [55]. Other typical thiolated molecules such as thiosalicylic acid, [56]
cysteine, [57] dihydrolipoic acid [58] and mercaptobenzoic acid [59] have been employed
to synthesize Cu nanoclusters. When using thiolated molecules for the synthesis of copper
nanoclusters, the stabilizer forms a complex with Cu(I) and the latter is reduced to Cu(0),
either with the aid of additional reducing agents or by the thiol groups of the stabilizers
themselves (Figure 2B). Copper nanoclusters exhibiting temporal, chemical and photo
stability have been found suitable for applications ranging from catalysis, fluorescence
based sensing of metal ions, disease markers, contaminants, pH, temperature, as vehicles
for drug delivery, markers for cell labelling and as electrocatalysts, to name a few [60].

With regard to synthesis of Ni nanoclusters, the typical approach was to use carbonyl
ligands as stabilizers. For example, [Nijp.4 (PMe)y(CO)p4.3¢]> were synthesized using car-
bonyl protection [61]. However, carbonyl stabilized Ni clusters are typically negatively
charged and thus counter cations are essential for their neutralization. Additionally, post
synthetic functionalization of the synthesized clusters is difficult due to the presence of
strongly bound carbonyl ligands. Thus, the advent of protected thiolate was deemed impor-
tant for widening the chemistry of Ni based nanoclusters. To this end, Xu et al. performed
a chemical reaction between NiCl,.6H,O and PhCH,CH,SH in a mixture of THF and
methanol followed by reduction with aqueous NaBHj, to obtain Nizg and Niyj clusters [62].
Similarly, Nis(PET)g and Nig(PET);, [PET = phenylethane thiol] clusters were synthesized
based on the ligand exchange strategy between glutathione-nickel complex and PET. The
formed clusters were found to be effective electrocatalysts for water oxidation [63]. A table
summarizing the synthetic details and properties of various nanoclusters is provided below
(Table 1).
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Figure 2. (A): Schematic illustration for formation of Cu NCs stabilized by lysozyme. Reprinted
with permission from [48]. Copyright 2014 American Chemical Society. (B) Schematic illustration for
formation of Cu NCs stabilized by glutathione. Reprinted with permission from [55]. Copyright 2015
American Chemical Society.

Table 1. Summary of the synthetic details and properties of various nanoclusters (presented in this review).

No. of Metal Atoms Comprising

Metal Stabilizer the Clusters Emission Color Reference
gold l’(zltia;irfle(;aatril;inn)e 8 blue 26
gold BSA 25 red 28
gold HSA 25 red 29
gold DNA 7 red 33
gold glutathione 10 Non-emissive 35
gold MPA + chitosan 20 (pgggﬁg:dejnt) 38
gold histidine 10 blue 41
gold MPA + bacteria Not determined white 43
silver prs;x:i:gtf—guljgii}f Cozi(i:;ed 8,7 red, blue green 44
silver produced by etching of Ag NPs 38 red 45

capped by citrate ions

copper lysozymes 2-9 blue 48

copper glutathione 15 blue 55

copper cysteine cyan 57

copper dihydrolipoic acid red 58

nickel phenylethanethiol 4,6 Not reported 63
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3. Purification, Separation, and Isolation of Nanoclusters

As synthesized NCs are often associated with the presence of NCs with varying
compositions, namely, a dispersion of atomic clusters typically constitutes of structurally
and chemically related species. This is, however, not desirable, as the properties of NCs are
known to vary as a function of the number of atoms constituting the clusters, the structure
of the overall clusters and the ligands (number density per cluster and nature) stabilizing
the clusters. For example, clusters composed of fewer number of atoms are known to
feature luminescence at lower wavelengths as opposed to clusters comprising of greater
number of atoms. Similarly, physical properties of clusters such as solubility is dictated
by the polarity of the ligands. Additionally, the catalytic activity of nanoclusters is highly
dependent on the number density of the ligands stabilizing the clusters. Additionally,
the application potential of nanoclusters becomes attenuated owing to the presence of
unbound ligands in the reaction mixture. Thus, identifying and deciphering the chemical
composition of a particular cluster (amongst a mixture of clusters produced synthetically)
is of key importance to understand and modulate their application potential. In order to
address this issue, several techniques have emerged for the purification of synthesized
nanoclusters. Amongst the several purification techniques employed for the isolation of
metal nanoclusters, the most common is the metal ion induced precipitation of nanoclusters.
In this regard, Guan et al. successfully isolated BSA-stabilized Auys NCs from unreacted
BSA through Zn ion assisted precipitation of the former. In an allied vein, the pH of the
reaction mixture containing the NCs can be adjusted to cause the precipitation of NCs. This
method has also been used for the purification of BSA-stabilized Au NCs [64]. Precisely, the
pH of the solution containing BSA stabilized Au NCs was reduced to reach the isoelectric
point of BSA wherein the conformation of BSA was altered, leading to the agglomeration
and eventual precipitation of BSA Au NCs. Similarly, methionine-protected Au NCs were
separated following a reduction of the pH, leading to the relaxation of charge repulsion of
the ligands, consequential aggregation of isolation of the NCs. Furthermore, the tuning
of the solvent polarity of the reaction mixture containing the NCs has also been used for
purification of NCs. For example, Galchenko et al. could selectively precipitate Aups
NCs by varying the ratio of methanol to water [65]. Another well-known strategy for the
removal of unbound ligands is through the addition of ionic salts. This is because in the
presence of additional ions, the zeta potential of the ligands stabilizing the NCs becomes
reduced, which further led to the neutralization of charge and consequential aggregation
of NCs. For example, mercaptoundecanoic acid (MUA) protected Au NCs are reported
to aggregate and separate in presence of NaCl [66]. Thus, the use of external agents for
the separation of NCs from unbound ligands, has emerged as a convenient customizable,
rapid and cost effective technique for purification of NCs.

Apart from the aforementioned techniques, the isolation of NCs based on “size” has also
been widely practiced. For example, glutathione-protected Au NCs were separated from
unreacted precursors using dialysis membranes with a cutoff of 3.5 k molecular weight [67].
The principal behind this technique is that glutathione molecules having smaller size vis
a vis glutathione stabilized Au NCs could feasibly pass through the dialysis membrane,
leaving the latter behind. Similarly, lipoic acid stabilized gold nanoclusters were purified
from unreacted lipoic using a membrane of 3 kDa cutoff [68]. Furthermore, 14 kDa cutoff
membranes were used to remove unreacted reactants from polyvinylpyrrolidone stabilized
Cu NCs [69].

In order to isolate NCs of a particular composition from analogous NCs of varying
composition, chromatographic methods have been sought after. The principle behind the
technique is that clusters with polarity react with the stationary phase to a greater extent
as compared to the less polar NCs. This would lead to faster elution of the non-polar
NCs and greater retention of the polar NCs in the stationary phase. Using this principle
Aups NCs stabilized by phenyl ethane thiol were separated from Aups stabilized by butane
thiolate owing to difference of polarity of the respective ligands [70]. Glutathione stabilized
clusters of varying composition such as Auy9(SG)19, Aui5(SG)13, Auig(SG)14, Auna(SG)ie,
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Auys(SG)18, Aung(SG)ao, Auzs(SG)an, Augg(SG)a4 were separated using the principle of
reversed phase chromatography [71].

Electrophoretic techniques that involve separation, based on the differential mobility
of charged species under the influence of an external electric field, have also been utilized
for the separation of NCs of varying sizes. To this end, NCs with size difference of only
0.5 nm could be separated using gel electrophoresis. Importantly, the Antoine group
recently demonstrated the use of polyacrylamide gel electrophoretic (PAGE) method to
isolate Aujp(SG)10 from Auy5(SG)13 and Auys(SG)ig (see Figure 3) [35].

ez s

Au,SG, AuySGy,
AuysSGyg AuysSGy5

silverstaining

Figure 3. Polyacrylamide gel electrophoretic (PAGE) based separation of Auy(SG)1g from Auy5(SG)13
and Aup5(SG)1g. Reprinted from Supporting Information Ref. [35]. Copyright 2017 American
Chemical Society.

The above-described techniques are used for separating, purifying, and isolating a
dispersion of atomic clusters, typically constituting different chemically related species.
However, dispersions of atomic clusters for a given chemical composition can also comprise
different but structurally related species. In such cases, molecular species in terms of 3-
dimensional structures and structural dispersity, can be characterized, separated and even
isolated based on the coupling of mass spectrometry with ion mobility spectrometry as
recently demonstrated by Antoine group and other groups [9,72-78]. Thus, from the above
discussion its it is apparent that synthetic and purification techniques of NCs have made
great advancements in the last decade. This not only highlights the importance of research
pertaining to atomic clusters but also presents them as ideal candidates for further chemical
reactions and the advent of newer nanomaterials.

4. Chemical Reactions of Nanoclusters
4.1. Intermolecular Chemical Reactions of Nanoclusters. Example of Zinc lon Induced
Aggregation Strategy

Atomically precise nanoclusters are the closest analogues to molecules in classical
chemistry. This is because, akin to molecules, atomic clusters have structural integrity,
defined chemical composition and purity. Thus, in the same way that molecules are
building blocks of compounds and bulk materials, nanoclusters are ideally suited as
building blocks of hierarchical nanomaterials. This can be achieved through ‘chemical
reactions’ of nanoclusters. However, unlike atoms and molecules which provide directed
bonds, through covalent bonds for instance, nanoclusters are surrounded by an “isotropic”
ligand shell devoid of such directional bonding. Therefore, in order to equip nanoclusters
with directional bonding, it is essential that the nanoclusters are stabilized with chemically
interacting ligands. This lays the foundation of chemical reactions of nanoclusters, either
among themselves or with external chemical agents.
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To this end, the Paul group has demonstrated a series of chemical reactions involving
gold NCs. As a novel study, gold NCs were stabilized with MUA and were found to feature
red luminescence. The Au NCs were then reacted among themselves via (bi)coordination
between zinc ions and carboxylate terminals of the MUA molecules stabilizing the clusters.
This led to an enhancement in the luminescence of Au NCs. Furthermore, (bi)coordinated
zinc ions were coordinatively saturated following reactions with fluorescein molecules.
The overall composite, constituting fluorescein and MUA stabilized Au NCs bridged with
zinc ions, was rendered with dual red and green fluorescence. The chemical reactivity of
the composite was then used to discriminate the biothiols, to the level of a few particles
(Figure 4a) [79].

In another report, the chemical reactivity of histidine-stabilized Au NCs was ex-
ploited to perform intracellular logic operations. Briefly, the imidazole nitrogen of histidine
moieties stabilizing Au NCs were conjugated with zinc ions, wherein the variation of
luminescence of the former was suited to form a “tri state” logic operation at the cellular
level. Furthermore, the zinc ion-coordinated histidine-stabilized Au NCs, when reacted
with sulfide ions, were observed to quench the luminescence of the Au NCs, which could
be used to construct an “on-off” intracellular switch. Finally, collective reactions among
zinc ions, histidine stabilized Au NCs and sulfide ions, were used to form the basis of the
“INHIBIT” gate within HeLa cells [80].

Additionally, zinc ions induced the aggregation of Au NCs, featuring bright green
luminescence under visible light excitation, which were found to react differentially with
amino acids, based on the pKa of the latter. This formed the basis for the discrimination of
amino acids under visible light excitation using zinc ion-induced aggregates of Au NCs
(Zn Au NCs) as a probe. The carboxylate ends of mercaptopropionic acid (MPA) stabilizing
the clusters were coordinated with zinc ions, leading to the formation of green luminescent
aggregates of Au NCs. The surface of the formed aggregates was further covered with MPA
molecules. The pKa of MPA is reported to be 4.34. Thus, upon their reaction with amino
acids with a pKa less than that of MPA, the surface MPA molecules became protonated,
thereby blocking ligand to metal charge transfer, and quenching of the luminescence of Zn
Au NCs. On the other hand, amino acids with a pKa greater than that of MPA did not react
with the surface MPA molecules, thereby causing no discernible effect on the luminescence
of Zn Au NCs. Thus, based on the differential reactivity of the MPA molecules present
on the surface of Zn Au NCs towards amino acids with varying pKa, the latter could be
distinguished easily (Figure 4b) [81].
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Figure 4. (a): Schematic illustration depicting possible mode of reaction among Au NCs-fluorescein
composite and cysteine/glutathione. Reprinted with permission from [79]. Copyright 2018 American
Chemical Society. (b) Variation in emission spectra of Zn Au NCs upon interaction with aspartic acid,
glutathione, glutamic acid, cysteine, cystine and tyrosine. (c) Schematic illustration depicting possible
mode of reaction among Zn Au NCs and aforementioned molecules. Reprinted with permission
from [81]. Copyright 2019 American Chemical Society.

To a similar end, the reactivity of the MPA molecules residing on the surface of allied
Zn Au NCs probes, were also used to discriminate between geometrical isomers. However,
unlike the case of amino acids, the proton-transfer reaction in the current report was
further governed by intra molecular hydrogen bonding interactions among the analytes
(Figure 4c) [81]. Interestingly, in a different study, Antoine and coworkers, measured the
two photon excited fluorescence cross sections of the Zn Au NCs aggregates. Importantly,
a four-fold enhancement in two-photon excited fluorescence of Zn Au NCs was observed
vis a vis non assembled clusters. In the same study, for the first time ever, the molar mass
of individual Au NCs recorded by time-of-flight mass spectrometry indicated the presence
of AujgMPA 1 catenane nanoclusters, while the entire mass distribution of aggregates of
Au NCs was measured using charge-detection mass spectrometry [82].

4.2. Intramolecular Chemical Reactions of Nanoclusters. Example of Oxygen and Ligand and
Metal Exchange Reactions

To focus on a different aspect, the luminescence of copper nanoclusters was modulated
based on a reaction between the ligands (stabilizing the clusters) and aerial oxygen in
presence of light. Briefly, Cu NCs stabilized with cysteine molecules, were found to feature
red luminescence. The clusters, however, upon exposure to aerial oxygen in presence of
light, were observed to become non luminescent. This was attributed to the desorption of
cysteine molecules from the surface of Cu NCs, leading to the transformation of the latter
into non luminescent aggregates. The cysteine molecules, in turn, were proposed to have
transformed to S-nitrosothiolates following reaction with reactive nitrogen species [83].
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Additionally, ligand exchange reaction was performed between histidine stabilized
gold nanoclusters and cysteine. The idea behind the study was that cysteine having thiol
groups would replace the histidine molecules stabilizing the Au NCs, owing to greater
aurophilicity of thiol groups in cysteine as compared to nitrogenous groups present in
histidine moieties. This eventually led to alteration in luminescence of the clusters, as
ligands stabilizing the clusters are well known for playing key role in the luminescence
properties of the clusters. The ligand exchange reaction, involving Au NCs was well
validated using X-ray photoelectron spectroscopy (XPS) (Figure 5a) [84].
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Figure 5. (a) Schematic illustration depicting ligand exchange reaction between histidine stabilized
Au NCs and cysteine. Reprinted with permission from [84]. Copyright Royal Society of Chemistry
2020 (b) Experimental results showing quenching in luminescence of cystine stabilized Cu NCs upon
reaction with oxygen in presence of light. Reprinted with permission from [83]. Copyright Royal
Society of Chemistry 2019.

For the first time, Antoine and co-workers performed a ligand exchange reaction
of glutathione stabilized Au NCs-Au;5(5G);3 with a single aminooxy ligand to yield
Auy5(SG)12(aminooxy);. A detained mass spectrometric analysis revealed the successful
ligand exchange of Auj5(SG)13 by one aminooxy ligand. The ligand exchanged product
served as a non-linear optical probe for the detection of protein carbonylation. This study
was the first on the ligand exchange reaction for non-linear optical measurement based
detection and quantification of protein carbonylation [85].

Furthermore, ligand exchange reactions have been reported to endow nanoclusters
with achiral NCs with unprecedented chirality following exchange with chiral ligands.
Burgi Yoshiki Niihori et al. successfully demonstrated that ligand exchange reactions
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between clusters and monothiolates commence at the terminal thiol groups of the thiolate
protected NCs proceeding via an associative SN? type mechanism [86].

Apart than reactions involving ligands present on surface of clusters, metal atom
exchange leading to inter cluster reactions have also been pursued. In this regard, Pradeep
et al. have demonstrated inter cluster reactions between Auys5(SR)1g and Aga(SR)30 where
RS = alkyl/aryl thiolate [87]. Detailed experimental and theoretical analyses were per-
formed to prove the occurrence of the metal exchange reaction. Additionally, this has been
claimed to be the first ever report on inter cluster alloying. On a similar note, bimetallic
NCs constituting Ag and Ni/Pd /Pt protected by dithiols were reacted with monothiol pro-
tected Au NCs [88]. This led to formation of tri-metallic NCs due to inter-cluster reactions
between the starting clusters. In another report, Aups NCs protected by PhCH,CH,S were
reacted with Agys protected by 2,4-dimethyl benzene thiol to inter-cluster alloy. A detailed
mechanistic investigation revealed that the reaction proceeded through two step metal
exchange processes. In the first step, motif-motif exchange reaction leading to formation
of ligand shell doped alloys of clusters occurred whereas in second step motif-motif and
motif-kernel exchange reactions between the alloyed clusters took place. To this end, An-
toine and co-workers reported the systematic doping of Aujg NCs stabilized by glutathione
molecules. 1-3 silver atoms have been doped into Aujg NCs, displacing equivalent number
of gold atoms from the clusters, which led to gradual variation in the two-photon excited
fluorescence of the clusters [89].

The aforementioned examples of chemical reactions involving metal NCs clearly
highlight their resemblance to the chemical reactivity of molecules. The knowledge gained
from all these studies can be further extended to design new materials with tailored
properties suited for diverse applications. This may start with the spatial organization of
atomic NCs in higher dimensions. For example, ions, molecules and allied chemical species
organized into three dimensions, i.e., their crystalline forms, are imbued with properties
that are starkly different from that of the individual molecules. This is why crystalline forms
of molecules are highly desired not only to gain fundamental insight into their chemistry
but also for practical applications. Similarly, the constitutional precision of NCs and the
ease with which they undergo chemical reactions provide great opportunities to expand
the understanding and utility of NCs following assemblage into higher order dimensions.

5. Routes to Self-Assembled Structures of Nanoclusters. from Crystalline Assembly to
Directed Assembly of NCs

Atomically precise clusters feature excellent biocompatibility, photo and temporal
stability, catalytic activity, chemical reactivity, and tunable functionalities, and are thus
envisioned to be model units for the fabrication of devices with an application potential
ranging from catalysis optoelectronics energy storage and theranostics. However, pristine
nanoclusters suffer from inherent limitations such as low quantum yield (in general), low
stability under harsh conditions such as extremes of pH, heat and solvent. Often, clusters
tend to aggregate into undefined moieties thereby losing their integral physicochemical
characteristics. This restricts their application potentials. A possible solution for this issue
is likely to emerge from the systematic organization of these nanoclusters into deterministic
structures. This could be advantageous in several fronts, including gaining complete
insight into the structures of NCs, delineating their structure property relationship, fine
tuning their structures to tailor their properties for a desired application, conferring them
with added stability and making them versatile for practical utilities. In this regard, several
efforts have been directed to spatially organize NCs into well-defined structures.

As stated in earlier sections, the ligands stabilizing the clusters play a determining
role in not only controlling their interactions but also additional chemical agents. For
instance, the charges on the ligands keeps the individual cluster units apart from each other
and prevent their uncontrolled agglomeration. Likewise, ligands with functional groups
capable of hydrogen bonding interact among themselves to confer stability to clusters. On
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the other hand, ligands with terminal groups capable of chemical coordinating with metal
ions, provide a facile platform for a complexation reaction mediated assembly of NCs.

In this regard, Chattopadhyay and coworkers and Paul and coworkers demonstrated,
for the first time, that the complexation reaction between ligands stabilizing gold NCs and
zinc ions can lead to the formation of three to two dimensional crystalline assemblies of
clusters. Interestingly, they have shown MPA and Histidine stabilized Auj4 NCs upon
reaction with Zn ions results in the formation of three-dimensional assembly of the clusters.
The three-dimensional structure derived from transmission electron microscopic (TEM)
and selected area electron diffraction (SAED) analysis. The formed 3D assembly of Au NCs
was further used for storage and sensing of hydrogen gas at ambient conditions of 20 °C
and 20 bar (Figure 6a) [90]. In a similar fashion, two dimensional crystalline nanosheets
were formed out of reaction between Auyy NCs (stabilized with L phenylaniline and MPA)
and zinc ions. The two dimensional nanosheets were used for reversible storage of oxygen
at pliant conditions of 20 °C and 20 bar pressures [91].

Similarly, MPA and L/D tryptophan stabilized Au NCs were assembled into three-
dimensional organization following complexation reaction amongst Zn ions and carboxy-
late groups of MPA and L/D tryptophan. The resultant assembly was characterized using
TEM, SAED and powder XRD, which revealed their crystalline nature. The crystalline
assemblies of Auyy clusters were then used for fluorimetric chiral recognition and sepa-
ration of externally added L and D tryptophan. Interestingly, it was observed that when
Auyy clusters were stabilized with L tryptophan, the resultant crystalline assembly was
responsive to L tryptophan only. Similarly, D tryptophan stabilized Aul4 clusters consti-
tuting the crystalline assembly was responsive to D tryptophan only. The basis of chiral
recognition and separation of tryptophan by the crystalline assembly was attributed to
the classical three-point vs. two-point interactions between tryptophan analytes and the
crystalline assembly. It is important to note here that, as opposed to the assembled clusters,
non-assembled Au clusters were observed to be nonresponsive to the chiral behavior of L
and D tryptophan [92].

MPA and L tyrosine-stabilized Au NCs were assembled into nanocrystals following
coordination of the carboxylate groups of the ligand and zinc ions. The so formed nanocrys-
tals were characterized using analytical techniques such as TEM and SAED. The crystalline
assemblies were found to be effective for mitochondria-targeted cancer theranostics with
the rare potential of facile renal clearance. The anticancer activity of the zinc mediated
assembly was attributed to the generation of reactive oxygen species within HeLa cells [93].

Moreover, MPA and L cysteine stabilized Auj4 NCs upon complexation reaction with
zinc ions led to the formation of allied crystalline assembles, which could also be suc-
cessfully characterized with TEM and SAED techniques. Importantly, the non-assembled
Aujy4 clusters were found to feature photoluminescence intermittency when illuminated
at few particle level, whereas the zinc ion-mediated assembly of clusters was found to
be non-blinking under identical conditions. This was attributed to the fact that the non-
radiative relaxation pathways active in non-assembled clusters, due to the conformational
relaxation of the ligands, were blocked due the structural rigidity gained by the clusters
upon complexation with zinc ions in the assembled structure. Additionally, in contrast to
non-assembled clusters, the crystalline assembly of Auy4 clusters could be used for storage
of CO; and sensing of the latter at a few particle level (Figure 6b) [94].
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Figure 6. (a) Experimental results showing formation zinc mediated three-dimensional crystalline
assembly of Au NCs stabilized by MPA and histidine, and use of the assembly in storage and sensing
of hydrogen at plaint conditions. Reprinted with permission from [90]. Copyright Royal Society
of Chemistry 2016. (b) Experimental results showing formation zinc mediated three-dimensional
crystalline assembly of Au NCs stabilized by MPA and cysteine, and use of the assembly in storage
and sensing of carbon dioxide at a few particle level. Reprinted from Ref. [94] with permission.
Copyright Royal Society of Chemistry 2018.

MPA and MBA stabilized Auy4 nanoclusters assembled into two dimensional organi-
zations, following the complexation reaction with zinc ions was demonstrated to exhibit
delayed fluorescence with ultra-long luminescence lifetime of 0.5 ms and quantum yield
of ~19%. This marked the advent of the first ever report of crystalline assembly of gold
nanoclusters exhibiting lifetime in sub millisecond range. The occurrence of delayed flu-
orescence was proposed to have originated from the restricted intramolecular motion of
the ligands stabilizing the clusters (in assembly), which consequently led to reduced non
radiative transitions otherwise occurring in non-assembled Auy4 clusters [95].

The aforementioned reports of complexation reaction mediated assemblage of Auyy
nanoclusters with synergistic properties of nanoscale clusters as well as inorganic com-
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plexes portends to form a new class of hierarchical nanomaterials concerted with futuristic
application potential. Additionally, as opposed to assemblies of clusters, devoid of peri-
odicity, crystalline assemblies are envisioned to have uniform chemical properties and a
predictable application potential.

In addition to the principles of coordination chemistry, other strategies have also been
adopted for the construction of an assembly of nanoclusters. In this regard, assemblies
related to supramolecular chemical interactions are worth mentioning. An important
example is provided by Yoon et al., who performed a large scale preparation of super
crystalline lattices of [NagAgas(p-MBA)30]. Hydrogen bonding amongst the carboxylate
groups of the ligands was recognized as the key to form rhombus-shaped super crystals of
[NagAgas(p-MBA)3g] [96]. Single crystal X-ray crystallography revealed that the layers of
the super lattice were connected through 24 and 36 intra and inter layer hydrogen bonds,
respectively. Yao et al. constructed super structures of [Agys(p-MBA)30]* NCs, following
the interaction of the carboxylate ends of the ligands with appropriate counter ions [97].
Zhang et al. fabricated the self-assembly of glutathione stabilized Au NCs, which closely
mimics the self-assembly of capsid proteins. In this study, the initial disruption of hydrogen
bonding between glutathione and water molecules was achieved following introduction
of DMSO. Eventually, hydrogen bonding among glutathione molecules stabilizing the
clusters was promoted through the subsequent removal of water molecules, which led to
the formation of large spherical assemblies of Auyy NCs [98].

In addition to hydrogen bonding, other interactions such as electrostatic interactions,
have also been utilized for the fabrication of self-assembled structures of NCs. The key
idea behind this approach is the proper balance of charges among the ligands present
on the surface of neighboring clusters, such that the clusters should neither undergo
uncontrolled agglomeration nor should they remain too apart to hinder self-assembly.
In order to construct an assembly of clusters, electrostatic interactions are often used in
conjunction with other driving forces such as hydrogen bonding and chemical coordination,
to maintain the delicate balance of proximity of the constituent clusters. Moreover, van
der Waals interactions based assemblies of NCs are also known. For instance, dodecane
thiol stabilized Auqs clusters were self-assembled into distinct nanosheets at elevated
temperatures [99]. Hydrophobic interactions among the non-polar chains of dodecane thiol
were proposed to have played a key role in the assemblage process.

In addition to self-assembly, a directed assembly of NCs have also been pursued. In
this regard, templates, either stabilizing the clusters or externally added to the medium,
have been proposed to play the determinant role in the assemblage process. To this
end, macromolecules such as DNA, [100] macrocycles, [101] synthetic and natural poly-
mers, [102] functionalized graphene oxide [103] have been reported to be instrumental
in guiding the assembly of NCs. The chief idea in this approach is to allow concomitant
binding of the NCs to the templates as well as spatial organization of the former in a way
directed by the latter. For example, polymers imbued with appropriate functionalities can
be tailored to interact with NCs in a specific manner, followed by hierarchical organization
of the clusters into a geometry guided by the polymer. In this regard, nanospheres ex-
hibiting aggregation induced emission have been fabricated via polyethyleneimine guided
self-assembly of Ag(I) NCs [104]. Further, multi-thiolated co-polymers were used as scaf-
fold for synthesis of Cu NCs. This was claimed to not only render the as synthesized NCs
resistant towards oxidation and uncontrolled aggregation, but also imbued the clusters
with thermo and pH responsive properties of the pristine co-polymers. The so formed
polymeric hybrid structure of NCs was further used for sensing of Hg ions [105]. Moreover,
natural biopolymers such as bacterial proteins have been used to self-assemble glutathione
stabilized NCs. These nanocomposites could further be used as agents for cell imaging
and cargo for protein delivery [106]. However, assembly induced by polymers often lead
to uncontrolled agglomeration of clusters which render them inappropriate for practical
applications.
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This issue is often circumvented by the use of DNA as a template for assemblage of
NCs. This is primarily attributed to the fact that DNA templates provide the combined
options of deterministic structural motif as well as intrinsic binding sites, namely, the
nucleobases. As a consequence, several nano-architectures have been constituted following
the DNA-guided assembly of atomic clusters. For example, DNA nanoribbons constituting
appropriate binding sites have been used as a template for synthesis cum assembly of ultra-
small Cu NCs. DNA assembled Cu NCs were reported to feature aggregation induced
emission attributed to structural rigidity gained by Cu NCs upon being assembled by
DNA [107]. Furthermore, Wang and coworkers assembled Au NCs in the presence of dou-
ble stranded DNA and used them for cancer theranostics [108]. Similarly, Chattopadhyay
and co-workers synthesized Au NCs using double stranded DNA as templates, mimicking
the process of polymerase chain reaction. Further luminescence intensity of the clusters
could be used to probe and quantify double stranded DNA, i.e., the PCR products [34].

Moreover, macrocyclic molecules have been appropriately tailored to interact with
the ligands of the atomic clusters to produce rigid assemblies featuring alluring photo
physical properties. For example, Auy; NCs stabilized by peptides of sequence Phe-Gly-
Gly-Cys were reported to undergo non-covalent interactions with Cucurbiturils, leading
to the formation of rigid assemblies exhibiting enhanced quantum yield as opposed to
non-assembled clusters [101]. Moreover, Agy9 NCs stabilized by 1,3-benzene dithiol and
triphenyl phosphine were reported to react with crown ethers, leading to crystallization
induced organization of the crown ether molecules into the interstitial sites of the lattice
of Agrg NCs [109]. The crystalline co-assembly of Agyg NCs were found to be 3.5 times
more luminescent than for the non-assembled clusters. Likewise, an aggregation-induced
emission probe, constituting cyclodextrin functionalized Cu NCs, and di(adamantan-1-yl)
phosphine, was designed for in situ imaging of membrane associated glycoproteins [110].

Additionally, external stimuli such as pH have been used to trigger assemblies of
ultra-small copper nanoclusters. For instance, Cu NCs stabilized by L cysteine were found
to undergo reversible aggregation and disaggregation, as a function of pH. Monodispersed
Cu NCs were found to form insoluble macroscopic aggregates featuring red luminescence
at pH ~ 3, whereas the aggregates were reported to disintegrate into soluble dispersion,
showing weak luminescence at pH > 4. Similarly, orange-red emitting Cu NCs were
spontaneously self-assembled into nano-spheres, nano-meshes and nanosheets by fine
tuning the extent of hydrogen bonding interactions among m-amino thiophenols stabilizing
the Cu NCs clusters [111]. A further development was achieved by Chattopadhyay and
co-workers, who reported the synthesis of pH responsive Cu NCs, featuring aggregation-
induced emission within cancer cells. Cu NCs were reported to exhibit orange-red emission
at pH 4.5, whereas the same Cu NCs, following intracellular aggregation, featured bright
green luminescence at pH 7.4. Interestingly, the rate constants for intracellular aggregation
of Cu NCs were found to be different for different cancer cell lines [112].

6. Concluding Remarks

Atomically precise nanoclusters, once considered to be “just another” luminescent
nanomaterial, has now become the heart and soul of research pertaining to nanoscale
science and technology. This, as discussed in the earlier sections, is primarily attributed
to their chemical and structural integrity. Thus, nanoclusters are being widely explored
as model analogues of molecules in classical chemistry. They are often called supertoms
or superatomic molecules [113-115]. Significant resources are being invested in designing
rational and facile strategies for the synthesis of atomic clusters. Purification techniques are
coming up to isolate ultra-pure atomic clusters [8]. Chemical reactions are being performed
on atomic clusters to form “products” akin to reactions of molecules and compounds.
Research is being directed to elucidate the mechanism of such reactions, gaining insights
into the intermediates formed and maximizing the yield of the products. Further, controlled
assemblies of atomic clusters are being fabricated using various principles of chemistry
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ranging from coordination to supramolecular. The as-described assemblies of nanoclusters
have found finding applications in wide areas ranging from catalysis to theranostics.

In this mini review, we aimed to summarize the recent advancements made with
regard to all these aspects of atomic clusters. Additionally, in the conclusion, we raise ques-
tions, which, if addressed in the near future, may further illustrate the versatility of atomic
clusters. Firstly, it is important to elucidate the relationship between the number of atoms
constituting the clusters and their corresponding properties (optical and chemical). For
instance, it is well known that clusters with less atoms feature luminescence at wavelengths
lower than the emission wavelengths of clusters with comparatively more atoms. How-
ever, an exact relationship between the number of atoms composing the clusters and the
resultant emission properties is not fully understood. This is largely because, in addition
to the number of atoms constituting the clusters, the ligands stabilizing the clusters also
play key roles in determining their luminescence properties [116]. Thus, the emergence of
generalized principles governing the properties of clusters is deemed essential. Clearly,
quantum chemistry methods elucidating the geometry of the clusters and configuring their
optical properties in terms of molecular transitions should be conducted in further depth
for the assembly of clusters, and innovative approaches such as the hybrid QM /MM (quan-
tum mechanics/molecular mechanics) approach might address their structure—properties
relationships [117-121].

Secondly, with regard to the reactions of atomic clusters, the study of chemical kinetics
has remained largely unexplored. Additionally, in classical chemistry, the mystery of “bond
breaking and making” in molecules has been, and continues to be, gradually unveiled.
However, such mysteries continue to prevail with regard to the chemistry of atomic clusters.
These studies, if performed, may open up newer domains to control the yield of reactions,
optimize the conditions of reactions, trap the essential intermediates, and identify the
transition states of relevant reactions.

Thirdly, with regard to the controlled assembly of clusters, delineation of a definite
structure property relationship is deemed important. Notwithstanding the robustness
of the strategies for systematic organization of clusters developed so far, little effort has
been directed towards deciphering a “one to one” correlation between the structures of
assembled clusters and their emerging properties. This is not only important to enhance
the ease of assemblage of nanoscale clusters, but also to widen their application potential.
Finally, in an assembly of clusters, it is important to understand whether the ultimate
properties are an outcome of additive behavior of the individual clusters, or a result of a
synergistic behavior between the clusters, ligands, and the templates.
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