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Recent progress in atomically precise silver
nanocluster-assembled materials
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In the dynamic landscape of nanotechnology, atomically precise silver nanoclusters (Ag NCs) have
emerged as a novel and promising category of materials with their fascinating properties and enormous
potential. However, recent research endeavors have surged towards stabilizing Ag-based NCs, leading to
innovative strategies like connecting cluster nodes with organic linkers to construct hierarchical struc-
tures, thus forming Ag-based cluster-assembled materials (CAMs). This approach not only enhances
structural stability, but also unveils unprecedented opportunities for CAMs, overcoming the limitations of
individual Ag NCs. In this context, this review delves into the captivating realm of atomically precise nitro-
gen-based ligand bonded Ag()-based CAMs, providing insights into synthetic strategies, structure—prop-
erty relationships, and diverse applications. We navigate the challenges and advancements in integrating
Ag() cluster nodes, bound by argentophilic interactions, into highly connected periodic frameworks with
different dimensionalities using nitrogen-based linkers. Despite the inherent diversity among cluster
nodes, Ag() CAMs demonstrate promising potential in sensing, catalysis, bio-imaging, and device fabrica-
tion, which all are discussed in this review. Therefore, gaining insight into the silver nanocluster assembly
process will offer valuable information, which can enlighten the readers on the design and advancement
of Ag() CAMs for state-of-the-art applications.

materials at the atomic level." Although initially overlooked by
the research community, it gained recognition in the 1980s
when researchers referenced it to establish scientific credibility
in what we now know as nanotechnology. Feynman’s contem-
plation of manipulating matter at the atomic scale laid the
groundwork for the field. Consequently, the realm of nano-
scale materials has flourished, spanning sizes from 1 to
100 nm.>? In recent years, metal nanoclusters with precise
atomic arrangements, typically sized below 3 nm, have
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emerged as a novel category of nanomaterials exhibiting dis-
tinctive characteristics.””® Significant attention has been
devoted to investigating their synthesis methods, molecular
compositions, structural intricacies, and inherent properties,
along with exploring their potential applications.>'™** These
atomically precise metal nanoclusters (NCs) demonstrate traits
akin to molecules, such as chirality, HOMO-LUMO transitions,
catalytic activity, luminescence, etc. Notably, these properties
are intricately linked to the size, composition, and structure of
NCs.">?* Even slight alterations in their formula or structure
can lead to substantial variations in their properties, under-
scoring the imperative for precise control during their
synthesis.>>>*

Among the various types of NCs, gold (Au) and silver (Ag)
hold particular significance with numerous sizes and
structures.>® ' While extensive research has been conducted
on Au NCs, the exploration of Ag NCs remains comparatively
limited.*>™** Despite their similar atomic radius (2.89 A for Ag
and 2.88 A for Au) owing to their placement in the same group
11, Ag exhibits greater reactivity and susceptibility to oxidation
compared to Au.>*?° Therefore, the properties of silver NCs
mostly depend upon the oxidation state (i.e. mixed valence
Ag™ or Ag") of the core architecture of Ag-based NCs.>*?”
While there have been strides in synthesizing NCs containing
mixed valence Ag atoms, the exploration of Ag(i)}-based NCs
has only recently commenced, aiming to address stability con-
cerns.?® In the case of Ag(i) NCs, the cluster node is made up
of Ag(1)---Ag(1) argentophilic interactions instead of the usual
metallic bonding due to the unavailability of valence electrons
in the silver atoms.**™*' This unique bonding makes them
inherently unstable because argentophilic interactions are
prone to oxidation and external factors such as pH, heat, light
changes, and the presence of guest molecules, presenting chal-
lenges in the synthesis and crystal structure determination of
Ag(1) NCs.**** Furthermore, it also restricts their potential
applications across various fields. Drawing inspiration from
the reticular construction of metal-organic frameworks
(MOFs), there has been growing interest in assembling Ag(1)
NCs into atomically precise cluster-based assembled materials
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(CAMs) with the incorporation of organic linkers to address
these limitations.**™*> CAMs offer a combined benefit of MOFs
and NCs, such as highly connected frameworks with robust
structures, extensive structural tunability, and high-nuclearity
cluster nodes.** The employment of Ag(i) cluster nodes as fun-
damental building blocks alongside nitrogen-based linker
molecules has increasingly led to the development of a
plethora of arrangements such as one-dimensional (1D), two-
dimensional (2D), and three-dimensional (3D) Ag(:) CAMs
(Fig. 1).*°"*® Although the integration of discrete cluster nodes
exhibits challenges due to the influence of the chemical pro-
perties of individual cluster nodes, which vary based on the
number of atoms present at the nodes.**>' Mak and col-
leagues have spearheaded significant advancements in the
synthesis and structural elucidation of multidimensional Ag
NC-based materials, showcasing a profound understanding of
their intricate architectures.’®>* Similarly, Sun and collabor-
ators have made substantial strides, unveiling a series of multi-
dimensional self-assembled clusters. Their innovative use of
polyoxometallates as an anionic template, coupled with
organic ligands and halide atoms as linkers, has enabled the
creation of intricate and functional CAMs with tailored
properties.’** Zhu and team have also left an indelible mark
on the field, synthesizing remarkable 3D structures composed
of [Au;Ag,,(AdmS);,](SbFe),Cl and [Au;Ag,,(AdmS);,](SbF); as
fundamental structural units.*® These CAM materials have
emerged as highly efficient fluorescence probes, capitalizing
on their unique fluorescence properties to detect organic com-
pounds with unprecedented sensitivity and selectivity. The
enhanced stability of CAMs is due to the formation of rigid
coordination framework structures.*> The commonly observed
CAMs are empty cuboctahedron Ag;, cluster nodes with bi/
multidentate linkers.** The integration of the properties of
cluster nodes and linkers in CAMs shows high emission
efficiency, thereby modulating the relative energy level of the
cluster core and linker components.’” Emission in CAMs is
usually assigned to the cluster-centered triplet excited state
(*CC), n-n* and/or n-n* transition excited state of the protect-
ing ligands, ligand-to-metal-metal charge transfer (LMMCT;
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Fig. 1 Schematic illustration of different arrangements of Ag() CAMs, such as one-dimensional (1D), two-dimensional (2D), and three-dimensional

(3D) framework structures.

S — Ag), and interligand trans-metallic charge transfer tran-
sition (ITCT, S/Ag — Py).>” CAMs allow the feasibility of multi
emission centers which can be further modulated/tuned by
the cluster arrangement/linker/temperature.>®* ®° Lowering the
temperature significantly enhances the emission intensity with
a microsecond lifetime, and emission is usually found to be
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red-shifted. The former could be due to the rigidity and heavy
atom effect-induced intersystem crossing, while the latter is
due to the contraction of Ag---Ag interactions which influences
the energy level related to the *CC state, thus lowering the
energy level of the cluster centered state.°® These character-
istics of CAMs along with their specific size, geometry, and
ease of handling act as functional nanomaterials for use in
nanotechnology which can be put forward for practical appli-
cations in the field of sensors, catalysts, photo-harvesting,
optical-electrical ~ technology, antibacterial, time-gated
imaging, field-effect transistors and SO on
(Fig. 2).68424955,57,61-65 Therefore, CAMs become the spotlight
in the family of atomically precise NCs, thus fueling the bur-
geoning landscape of Ag(1) CAM research.

In this context, this review article delves into the fascinating
realm of atomically precise nitrogen-based linker-induced Ag(1)
CAMs. We begin by exploring various synthetic strategies
employed to synthesize these Ag(i) CAMs. We further eluci-
dated the structure-property relationship, shedding light on
how the organic linker and solvents influence the atomic
arrangement and overall properties of Ag(i) CAMs. We have
also paid special attention to the discussion of their potential
applications, spanning from sensing to bio-imaging, device
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Fig. 2 Schematic illustration of the several applications of Ag()) CAMs.

fabrication, and catalysis, underscoring their versatility and
significance across different fields. To aid readers in grasping
the breadth of research in this domain, we present a detailed
summary (Table 1) encompassing the essential parameters
such as unit-cell dimensions, space group, dimensionality,
and notable applications of Ag(1) CAMs reported in the litera-
ture. Finally, we contemplate the prospects of Ag(i) CAMs,
offering insights into potential advancements and promising
possibilities for further exploration and innovation.

2. Synthetic strategy of Ag()) CAMs

To bolster the stability of individual atom-precise Ag NCs, a
pioneering concept emerges wherein cluster nodes intertwine
with bidentate or multidentate organic linker molecules,
giving rise to an intricate framework architecture.®” This inven-
tive approach results in Ag(i)) CAMs endowed with a variety of
intriguing properties, manipulated by the interplay of cluster
node geometry, electronic effects of linker molecules, and the
overall dimensionality of the materials. To reveal the features,

10090 | Nanoscale, 2024, 16,10087-10107

the initial challenge lies in devising a synthetic strategy for
CAMs. Traditionally, these materials undergo a two-step syn-
thesis process—initially, the synthesis of precursor complexes,
followed by the subsequent addition of metal salts and linker
molecules in a specific solvent mixture.®" This process culmi-
nates in the crystallization of CAMs after a certain duration.
Understanding the structure becomes important to compre-
hend the fundamental properties of CAMs.

The synthesis of Ag CAMs indeed yields a significant
improvement in stability when compared to individual Ag
NCs. This enhancement is exemplified by the transformation
of [(Ag12(S"Bu)s(CF3;C0O0)s(CH3CN)g)]-CH;CN NCs into a frame-
work-based architecture using a rigid bidentate linker BPY.*’
Through this conversion process, the terminal CH;CN ligands
of the Ag ions are replaced and Ag-S cluster-based nodes are
linked by BPY bridges to create a porous coordination frame-
work. This strategic substitution of labile solvent molecules
with a nitrogen-based linker leads to a remarkable increase in
stability, from mere minutes to years, even under ambient con-
ditions. Similar strategies were observed in the case of enhan-
cing the stability of [Ag;4(C,B10H10S5)s(CH3CN)g]-4CH3;CN by

This journal is © The Royal Society of Chemistry 2024
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substituting the vertex-coordinated CH3;CN ligands with
various variable-length bidentate N-heteroaromatic ligands.”*
Additionally, Bakr and co-workers showcased how the stability
of Ag;6 NCs gradually increases with dimensionalities.** These
collective findings underscore the significance of transitioning
from individual NCs to framework-based structural architec-
tures, which notably enhances stability compared to their iso-
lated counterparts. Given that CAMs arise from the combi-
nation of cluster nodes and organic linkers, the discussion
turns to the geometry of cluster nodes influenced by the elec-
tronic and steric effects of protecting ligands and linkers.
Through a coordination assembly approach, linkers of diverse
sizes and configurations orchestrate the connection of Ag NCs
into intricate 1D, 2D, and 3D designs.

3. Structural features of Ag() CAMs

In the quest to establish robust structure-property corre-
lations, a profound understanding of the intricate structural
features inherent in Ag() CAMs is paramount. These CAMs
possess a remarkable capability to finely modulate their struc-
tural architectures through the precise manipulation of linker
molecules. As Ag cluster nodes intricately bind with organic
linker molecules, they orchestrate frameworks with diverse
dimensionalities. By carefully altering these linker molecules

,/“‘
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Fig. 3
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based on their structural geometry, electronic properties, and
steric effects, a plethora of structural architectures can be rea-
lized. This discussion aims to delve into the nuanced interplay
between linker molecules and silver cluster nodes, illustrating
how this interplay governs the evolution of structural frame-
works in Ag(1) CAMs, supported by compelling examples and
evidence. Beginning with the exploration of Ag(i) CAMs based
on BPY, it is intriguing to note that the reports indicate the
adoption of various dimensions, such as 1D, 2D, and 3D archi-
tectures, despite the utilization of the same protecting ligand,
-S'Bu. This observation underscores the multifaceted role
played not only by linker molecules, but also by solvents in
directing the overall architecture of Ag(1) CAMs. For instance,
[Ag10(S‘Bu)s(CF;CF,COO0)4(BPY),(CH;CN),], crystallizes in the
triclinic space group P1, establishing a capsule-like Ag;,S¢ core
(Fig. 3a).°® The structural composition of the Agy, skeleton
reveals that it comprises three discernible layers of Ag atoms:
both the upper and lower layers consist of three Ag atoms
each, while the middle layer takes on a parallelogram-like
shape composed of four Ag atoms. Then each surface is pro-
tected with tert-butyl thiolates, CH3CN, and CF3;CF,COO™
anions. The cores interconnect via BPY linkers, giving rise to a
linear 1D chain (Fig. 3b). Conversely, a strategic alteration in
solvent composition, transitioning from acetonitrile to a com-
bination of ethanol/acetone, coupled with the incorporation of
a multidentate phenylphosphonic acid (PhPO;H,) serving as a

e

(i) "oon  (iv)

(a) Capsule-like Ag;oSe core in AgioBPY-CHsCN CAM and (b) 1D chain constructed using Agyo(S'Bu)(CF3CF,COO), clusters bridged by BPY.

Reprinted from ref. 66 Copyright©2018, Science China Press and Springer-Verlag GmbH Germany. (c) Perspective view of the coordination environ-
ment of the Agy0(S'Bu)g core in Ag;oBPY and (d) two-layer stack of the host framework of Ag;oBPY with complementary hydrogen bonding (O-
H---O, H..-O distance is 1.750 A) between interlayer —PO,OH moieties. Reprinted with permission from ref. 46 Copyright©2018, American Chemical
Society. (e) [Ag1S,(S'Bu)g(CFsCO0O)4(BPY)gsl CAM: (i) complete crystal structure, (i) crystal structure of the monomeric unit
[Ag15S2(S'Bu)g(CFsCO0)4(BPY)gl, and (iii and iv) inner silver sulfide cores (Ag;,S10) without ligands having a C4 symmetry. Reprinted with permission
from ref. 68 Copyright©2022, American Chemical Society.
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functional H-bond donor, leads to the formation of the 2D
[Ag10(S'Bu)e(CF3;C0O0),(PhPO;H),(BPY),], CAM.*® Despite the
pretty similarity in the geometric architecture, crystal system,
and space group with the previously mentioned CAMs, the
substitution of multidentate phenylphosphonic acids for
linear acetonitrile molecules engenders a profound change in
the linkage of the BPY linker with the cluster core, resulting in
the implementation of a 2D framework (Fig. 3c and d).
Additionally, another report describes the adoption of a 3D
framework architecture by Ag(i) CAMs utilizing the same BPY
linker, albeit with an acetonitrile and methanol solvent
mixture, formulated as {[Ag;,S,(S‘Bu)s(CF;CO0),(BPY);]-BPY},,
crystallizing in the orthorhombic space group 1222.°® Agy,S0
clusters exhibit a dumb-bell-shaped configuration, comprising
AgsS, moieties at the top and bottom and an Ag,S, moiety in
the middle. Each Ag;, cluster node is stabilized by eight -S‘Bu
and four CF;COO™ ligands.

Moreover, eight bidentate BPY ligands, precisely arranged
in a square planar bilayer pattern, facilitate the connection
between adjacent cluster nodes. This specific arrangement cul-
minates in the formation of an expansive 3D polymeric honey-
comb-like structure, showcasing the intricate interplay
between ligands and cluster nodes (Fig. 3e). Moreover, investi-
gations into Ag;, CAMs have revealed alterations in dimension-
ality from 1D to 2D based on the linker molecule employed,
exemplified by [Ag;o(CF3CO0),(S'Bu)g(4-PCH),(CH;CN),], and
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.
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[Ag16(CF3CO0),4(S‘Bu)s(3-PCH),(CH5CN)],,.”° This highlights
the pivotal role of linker molecules in dictating CAM dimen-
sionality. Furthermore, studies involving BPE linkers elucidate
the formation of 1D zigzag chains or 3D architectures influ-
enced by the linker concentration (Fig. 4a and b). The syn-
thesis of [CdeAg4(SPh),s(DMF)(H,O)(BPE)],, adopting a 1D
zigzag chain, represents a compelling example of strategic
linker manipulation.®® This CP was constructed through the
strategic replacement of terminal-coordinated solvent mole-
cules (DMF or CH;OH) linked to the four terminal Cd atoms
of the supertetrahedral chalcogenolate cluster
CdeAg4(SPh),4(DMF);(CH;0H) with a potent electron-donor
ligand, BPE. This effectively attached two BPE linker molecules
to the two terminal Cd atoms, forming a 1D zigzag chain.
Interestingly, by introducing an excess of the rigid BPE linker
while maintaining the synthetic strategy, a transition from a
1D to a 3D CP [(Cd¢Ag4(SPh);c(BPE),)], was achieved.”® In this
scenario, the excess linker connects all four terminal Cd
atoms, facilitating the formation of a 3D architecture (Fig. 4c).
Similarly, the construction of 1D and 2D Ag(r) CAMs using
the AZBPY linker amidst specific solvent environments varied
electronic and steric effects of thiolate-based protecting
ligands, underscoring the versatile nature of linker manipu-
lation. For instance, in a DMF solvent medium and utilizing
an adamantanethiolate (AdmS™) protecting ligand, a 1D Ag(1)

CAM  [Agy:(AdmS)s(CF5COO0),(AZBPY),(DMF),][NO,]  was
S
P \A p
D, XX x
U A % K
% A

(a) 1D zigzag chain of [CdgAg4(SPh),6(DMF)(H,O)(BPE)], and (b) view of [CdgAg4(SPh)6(DMF)(H,O)(BPE)], in a unit cell from the ab plane.

Reprinted with permission from ref. 69 Copyright©2020, American Chemical Society. (c) [CdgAg4(SPh);¢(BPE),] CAM structure (green, Cd; pink, Ag;
yellow, —SPh; red, oxygen; blue, nitrogen; grey, carbon). Reproduced from ref. 70 with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024
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obtained.”” In this context, the structural intricacies of the
Ag;; core manifest in its distinctive distorted elongated
square-bipyramid geometry, reminiscent of a Johnson solid,
specifically the J;5 configuration. Notably, this unique geome-
try accommodates an additional silver atom, further enhan-
cing the complexity and diversity of the core structure.
Surrounding this core, a precise arrangement of ligands
ensures structural integrity and stability. Specifically, six
AdmS~ ligands, four CF;COO™ ligands, and two DMF mole-
cules encapsulate the Ag;, core, providing a robust scaffold for
its architecture (Fig. 5a and b). Moreover, the interconnection
of Agy; cluster nodes plays a pivotal role in shaping the overall
structure of the CAM. Each Ag;, cluster node intricately assem-
bles with two adjacent nodes through the AZBPY linker, meti-
culously constructing a 1D channel-like periodic structure.
This precise arrangement not only reinforces the structural
integrity of the CAM, but also imbues it with unique architec-
tural features. In contrast, when employing a -S’Bu-protecting
ligand in a DMAC solvent medium, a distinct 2D Ag(1)) CAM
emerges with a structural formula [Ag;,(S'Bu)s(CF5CO0)g
(AZBPY);].°* Notably, this CAM showcases an intriguing hollow
cuboctahedral geometry, a structural motif known for its stabi-
lity and architectural versatility. Within this framework, the
Agy, core is shielded by six -S‘Bu and six CF;COO~ ligands,
forming a protective shell that reinforces structural integrity
(Fig. 5c-e). Furthermore, the arrangement of cluster nodes in
this 2D CAM facilitates the formation of a layered framework.
Each cluster node establishes connections with adjacent nodes
through the AZBPY linker molecule, orchestrating a cohesive
interaction network that defines the 2D architecture. Indeed,

View Article Online
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intriguing observations have unveiled instances where altering
linker molecules while maintaining fixed thiolate ligands
yields CAMs with similar cluster nodes and dimensionality.
Let us further probe into these compelling examples of Ag
(1) CAMs. Utilizing a diverse range of organic linkers including
BPY, BPY-NH,, TPyP, Py, and NH,-BPZ, distinct Ag;, CAMs
have been synthesized.®®”>77#* Remarkably, despite variations
in the linker molecules employed, the Ag;, core of these CAMs
exhibit a strikingly similar hollow cuboctahedral geometry and
an overall 2D framework architecture (Fig. 6). However, it is
noteworthy that the number of thiolate-protecting ligands and
auxiliary ligands may not be uniform across all the 2D Ag;,
CAMs. This indicates the inherent flexibility in CAM construc-
tion, where identical dimensionality can be achieved through
diverse ligand arrangements, often offering intriguing insights
into structural versatility. Moreover, the adaptability of CAM
synthesis extends to transitioning from a 2D to a 3D architec-
ture by simply altering the linker molecules while maintaining
a constant thiolate-protecting ligand, particularly -S‘Bu. For
instance, [Ag;,(S‘Bu)s(CF;CO0)s(TPSBF)g], serves as a compel-
ling example of this phenomenon. In this CAM, the TPSBF
linker molecule orchestrates the construction of a 3D Ag;,
CAM while preserving a core geometry reminiscent of its 2D
counterparts. Remarkably, [Ag,(PhPO3;H),(AZBPY),] is the
smallest thiol-free CAM known in the literature.®® In summary,
the complex interplay among linker molecules, solvents, and
thiolated ligands profoundly shapes the dimensionality and
structural features of Ag(i) CAMs. These observations highlight
the nuanced relationship between these factors, providing
valuable insights for customized material design and engineer-

Fig. 5

(a) Repeating unit of [Ag11(AdmS)g(CF3CO0)4(AZBPY),(DMF),]INO3] and (b) growth of the one-dimensional framework. Reprinted with per-

mission from ref. 47 Copyright©2021, American Chemical Society. (c) Ag;> node of [Ag;12(S'Bu)s(CFsCOO)6(AZBPY)s] connected with AZBPY linkers,
(d) Honeycomb-like hexagonal architecture along the ab plane and (e) stacking of the two-dimensional network structure along the c axis in an
AAAA fashion. Reprinted with permission from ref. 62 Copyright©2023, American Chemical Society.
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Agi,

Fig. 6
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Without ligand

(a and b) Structures of Ag;,BPY and Ag;»BPY-NH, CAMs based on a hollow Ag;, cluster node. Reprinted with permission from ref. 75

Copyright©2020, Nat. Commun.. (c) Structure of unit [Ag;»(TBT)g(TFA)s(PYZ)el in the ab-plane (i) and structures of the hollow cuboctahedron silver
sulfide Ag;,Se core (i) and (iii) Agi>, metallic core without ligands in the ab-plane (color codes: Ag, light pink; S, yellow). Reprinted with permission
from ref. 68 Copyright©2022, American Chemical Society. (d) Structural unit of [Ag;,(S'Bu)g(CF3COOQ)3(TPyP)], CAM made up of a hollow Agi»-
cluster node. Reproduced from ref. 77 Copyright©2019, American Chemical Society. (e) Crystal structure of [Ag;»(S'Bu)e(CFsCOO)s(NH,-BPZ)sl,
based on a hollow Ag;,-cluster node. Reproduced from ref. 83 with permission from the Royal Society of Chemistry.

ing. Such versatility in CAM synthesis offers opportunities to
tailor their properties, functionalities, and driving innovation
across various scientific fields.

Biswas et al. unveiled the synthesis of two unprecedented
luminescent Ag CAMs, [Ag;,(S'Bu)s(CF;COO)s(TPEPE)g],, (TUS
1) and [Agi2(S'Bu)s(CF;COO)(TPVPE)¢], (TUS 2), designed
with a (4.6)-connected 3D architecture. By ingeniously connect-
ing an Ag;, cluster core with quadridentate pyridine linkers,
these materials exhibit exceptional fluorescence properties,
boasting absolute quantum yields of up to 9.7%.%® Moreover,
their remarkable chemical stability across a wide range of
solvent polarities lays the foundation for a highly sensitive Fe**
detection assay with detection limits rivaling industry stan-
dards. The detection limits achieved for TUS 1 and TUS 2 are
0.05 and 0.86 nML™", respectively, rivaling those of conven-
tional standards. The demonstrated efficacy in detecting Fe**
in real water samples underscores the potential of these CAMs
in environmental monitoring and assessment, marking a sig-
nificant stride towards practical applications in diverse fields.
Wang et al. employed a pyrazine linker to create 1D assemblies
of fcc-Agy4 cluster nodes protected by 1,2-dithiolate-o-carbor-
ane.>® Substituting the linker with AZBPY resulted in a 2D
extended framework of the same cluster node. Further inno-
vation with BPY as the linker led to the synthesis of a distinc-
tive 3D framework. The use of variable-length bidentate
N-heteroaromatic ligands orchestrated the fabrication of 1D-to-
3D superatomic CAMs. These findings underscore that the
dimensionality of the framework is intricately dictated by the
geometric properties of the linkers, transforming the synthetic
strategy into a captivating art.

This journal is © The Royal Society of Chemistry 2024

4. Photophysical properties of Ag(i)
CAMs

The photoluminescence (PL) studies on Ag(i)) CAMs utilizing
nitrogen-based bi-multidentate linkers were explored. The
covalent interaction between Ag and nitrogen (N) in the assem-
bly often leads to enhanced properties (stability and PL) com-
pared to isolated NCs. Initially, a comparison is made between
the molecular clusters and their assembled framework struc-
tures to elucidate how the properties of the clusters are tuned.
Following this, some examples of the role of guests/solvents on
the emission properties are presented. Huang et al. reported a
[Ag1,(S"Bu)s(CF3C0O0)s(CH3CN)g]-CH;CN NC deteriorating in
30 minutes, which exhibited weak red emission at 620 nm
with a quantum yield (QY) of 0.2%.*> To increase the QY and
stability of the NC, they have transformed this NC into a CAM
through a ligand exchange approach, ie., replacing CH;CN
with BPY to produce a [Ag;,(S‘Bu)s(CF;C0OO0)4(BPY),], CAM.
The as-synthesized CAM exhibited intense emission at 507 nm
with a multiple-fold increment in the QY (12.1%). The tran-
sition from discrete clusters to the CAM framework immobi-
lized clusters in three dimensions, leading to a significant
improvement in stability (stable up to one year) and enhancing
the room temperature PL QY (12.1%), which was further uti-
lized as a luminescent sensors. Later on, the same group also
investigated the transformation of a singly emissive
[Ag1,(S‘Bu)s(CF3CO0)4(BPY)s], CAM into a dual-emissive
[Ag1,(S'Bu)s(CF3CO0)s(BPY);:(DMAC, tolueney)],, CAM
(denoted as Ag;,BPY-2-solvent) via cluster node isomeriza-
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tion.”” The structural conversion from
[Ag1(S'Bu)s(CF;CO0),(BPY),], to Ag;,BPY-2-solvent involved a
change in the symmetry of the Ag;, core from a disconnected
D,q 5-2-5 arrangement to a Cj, cuboctahedron achieved
through solvent selection. The [Ag;,(S‘Bu)s(CF;CO0),4(BPY),],
CAM exhibited weak orange light at room temperature (RT),
while Ag;,BPY-2-solvent emitted green light (Fig. 7a and b).
Interestingly, solvent-free Ag;,BPY-2 displayed dual emission
(blue and red) with a substantial increase in the low-energy
peak (620 nm) by 582-fold and the high-energy peak (463 nm;
n and n* triplet states of BPY) by 17-fold at low temperature
(LT). The 620 nm emission in Ag;,BPY-2 was attributed to
triplet states in the dodenuclear Ag-S cluster nodes of ligand-
to-metal-metal charge transfer (LMMCT; S — Ag) character
mixed with metal-centered (ds/dp) states and the emission at
507 nm for [Ag;,(S‘Bu)s(CF3CO0),(BPY),], was assigned to
inter ligand trans-metallic charge-transfer transitions (ITCT, S/
Ag — BPY) and LMMCT (S — Ag) mixed with metal-centered
(ds/dp) transitions. The differences in the geometrical arrange-
ment of the Agy, core resulted in significant changes in the
electronic structure and distinct luminescence properties.
Enhanced stability and photoluminescence properties were
observed from clusters to assembled materials. Alhilaly et al.
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investigated the dimensionality effect on anion-template silver
clusters ranging from 0D to 2D, e, [Ag;Cl
(S‘Bu)s(CF5COO),(DMF),(H,0)]-1.5(DMF) (0D Agys NC), [Ag;5Cl
(S‘Bu)s(CF5COO0)5 67(NO3)o 33(BPY),(DMF),]-4.3(DMF)-H,0 (1D
Agys NCF), and [Ag;4CI(S'Bu)s(CF;CO0)5(BPY),(DMF)]-2(DMF)
(2D Agy, NCF), observing the loss of a silver atom with an
increase in dimensionality.** The transition from 1D Ag;; NCF
to 2D Ag,4 NCF assembly was controlled by specific precursor
ratios. 2D Ag;, NCF exhibited emission at 530 nm at RT, while
emission from 0D Ag;s NC and 1D Ag;s; NCF was observed
only at lower temperatures of around 535 nm. The higher-
dimensional structures demonstrated enhanced PL and
thermal stability. In a distinct study by Chandrashekar et al.,
the NC-1 {[Agi2(CeH115)s(CF3CO0)s(C5sHsN)]-4H,0} demon-
strates a cluster-derived emission peak at 605 nm, which
undergoes a blue shift to 575 nm at RT in Ag;, linked by the
TmPyPB linker, forming a two-dimensional assembled frame-
work CAM-1 {[Ag;,(CsH11S)s(CF;COO)s(TmPyPB),]-(C4HgO,)3}
(denoted as Ag;,-TmPyPB CAM).>® At LT, the emission of NC-1
shifts to 620 nm and the emission of Ag,,-TmPyPB CAM also
undergoes a red shift to a similar wavelength (625 nm).
Spectral envelop deconvolution suggests that the peak shift is
associated with the relative intensity of two underlying peaks
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[Ag15(S'Bu)g(CFsCO0)4(BPY)4l,, CAM showing emission at 507 nm. Reproduced from ref. 57 Copyright©John Wiley and Sons. (c) NC-1, excitation
spectra probed for the 605 nm emission peak (black dotted line), as well as the emission spectra (black solid line) upon 360 nm excitation at RT. The
excitation spectra (red dotted line) probed for 620 nm emission, along with the emission spectra (red solid line) obtained under 360 nm excitation at
LT, and (d) CAM-1, excitation spectra (blue dotted line) probed for the 575 nm emission peak, as well as the emission spectra (blue solid line) upon
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resulting from the varying extent of their temperature-depen-
dent populations. Thus, at LT, the emission originating from
triplet states (phosphorescence) (T; — Sp) predominates. With
an increase in temperature, a reverse population to the S; state
occurs, and at higher temperatures, the S; population
becomes dominant. Ag;,-TmPyPB CAM with a wider energy
gap (AEgr = 0.14 €V), requires a higher temperature for reverse
intersystem crossing compared to NC-1 (0.06 eV), which has a
shorter gap (Fig. 7c and d). These differences in energy gap are
attributed to the varying extent of rigidity imparted by the
assemblies; NC-1 has supramolecular assembly by non-
covalent interactions, while Ag;,-TmPyPB CAM was assembled
through coordination bonds interconnecting the cluster
nodes, giving rise to differences in cluster compression and
intra-cluster Ag---Ag interactions within their respective cluster
units. Wang et al. reported a PW,0;,° templated Ags, cluster,
[(PWO34)@Ag54(S)25(CF;CO0),,(DMF);(CH30H);] (denoted as
SD/Ag51b).®" This nanocluster underwent a structural trans-
formation by replacing the solvent molecules with bridging
pyridine ligands (such as BPY or PI-BIPY), leading to the for-
mation of 2D {{(PW4034),@Ag7,S
(S'Pr)41(CF3COO0)5(BPY)s 5(CH;0H)(H,0)]-3CF;COO0},, (denoted
as SD/Ag72a) and a 3D framework <{[(PW¢03,),@Ag,,S
(S'Pr)4,(CF3COO),(PI-BIPY), 5(CH;0H)]-3CF;COO},, (denoted as
SD/Ag72c) structures. Here, structural transformations invol-
ving an increase in the nuclearity of the silver cluster from iso-
lated clusters to network formations resulted in different
dimensionalities induced by two closely related bipyridine
ligands. The solid-state emission of SD/Ag51b and SD/Ag72a
occurs in the near-infrared (NIR) region, peaking at 787 nm
and 737 nm, respectively, at RT, gradually shifting to 740 nm
and 716 nm, respectively at LT. The QY of SD/Ag51b and SD/
Ag72a at 113 K was measured to be 1.26% and 2.17%, respect-
ively. These emissions are attributed to ligand-to-metal charge
transfer (LMCT) from S/O p to Ag 5 s/p orbitals perturbed by
Ag---Ag interactions. In a study by Wu et al., a mesoporous
CAM, denoted as 1 D DMAC, employing the TPPE ligand to
form {[Ag;,(S’Bu)s(CF5CO,)s(TPPE), 5](DMAC);,} was devel-
oped.>® This material exhibited blue emission at 454 nm with
a QY of 49.9%. Upon exposure to atmospheric conditions,
1 D DMAC transformed into an empty host framework
(referred to as 1) with no DMAC guest molecules in its pores,
displaying green emission at 530 nm with a QY of 29.3%.
These transformations were reversible, indicating the effective
adjustment of luminescence by guest molecules in 1. The
cubic cage of 1, with a diameter of 32 A, facilitated the encap-
sulation of various guest molecules, leading to observations of
circularly polarized luminescence, white-light emission, and
room temperature phosphorescence (Fig. 7e). Das et al. investi-
gated solvent polarity-induced luminescence studies. They
reported a 1D [Agy;(AdmS)s(CF;COO)4(AZBPY),(DMF),|[NOs]
CAM utilizing an AZBPY linker with enhanced emission in
acetonitrile, while it remained non-emissive in DMF and
chloroform.”” This phenomenon was attributed to the signifi-
cant contribution of Ag---S interactions to the occupied mole-
cular orbitals. The thiolate-bounded electrons were found to

This journal is © The Royal Society of Chemistry 2024
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be influenced by solvent interactions, with the high polarity of
acetonitrile effectively affecting the frontier molecular orbitals,
thereby resulting in differences in emission behavior in
different solvents.

5. Application of Ag() CAMs

The synthesis of CAMs encounters challenges that hinder their
widespread application. One of the significant bottlenecks lies
in the synthesis process, where achieving precise control over
the properties of CAMs for targeted applications remains chal-
lenging, often due to limitations in the scalability of the syn-
thesis methods.*>®” While many existing synthesis routes
depend on complex procedures, achieving a precise framework
structure within a bulk material is essential for exploiting their
collective properties effectively. Additionally, understanding
the optoelectronic properties of Ag(1) CAMs is highly desirable
for various applications, including sensing, device fabrication,
etc. However, the interplay of complex factors such as shape,
size, composition, and protecting organic ligands makes it
challenging to fully understand the optoelectronic properties
of Ag(1) CAMs.*

The utilization of Ag(i) CAMs in biomedical applications,
such as drug delivery and imaging, and their biocompatibility
and potential off-target toxicity are critical considerations.”®
Silver is known for its antimicrobial properties. However,
excessive exposure to silver-based materials may pose risks to
human health and the environment.®® For their safe use in
biomedical applications, a thorough investigation is essential
to understand their interaction with the biological unit.
Researchers worldwide are tackling these existing problems by
reporting innovative approaches in synthesis, assembly, and
characterization, coupled with a deeper understanding of the
fundamental properties of Ag(i) CAMs, which are essential for
unlocking the full potential of these materials.*>*"”® With this
context, in this section, we have discussed the utilization of Ag
(1) CAMs in various areas such as sensing, biomedical, cataly-
sis, and device fabrication. These could aid the reader in
designing and synthesizing Ag(i) CAMs for targeted appli-
cations by tuning the reaction conditions.

5.1. Sensing

The prominence of Ag(1) CAMs is steadily increasing within the
realm of sensing research. This can be credited to their f-
luorescence characteristics, uniform distribution, high stabi-
lity, and adaptability for tailored detection of specific targets.
Recently, Das et al reported two [Agy4(SBu)io
(CF5C00),(BPA),], and [Ag;,(S'Bu)s(CF3CO0)(BPEB);], CAMs
for the detection of label-free DNA.”® The intricate linker struc-
tures combined with the electrostatic interactions between the
positively charged CAMs and the negatively charged DNA
endow this material with a remarkable capability to mitigate
the pronounced background fluorescence emanating from
single-stranded (ss) DNA probes labeled with SYBR Green I
nucleic acid stain. This innovative feature results in a substan-
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tially reduced signal-to-noise ratio, facilitating the detection of
label-free target DNA with high precision. Later on, Nakatani
et al. have presented a novel surface-enhanced Raman scatter-
ing sensor based on a three-dimensional Ag(i) cluster-
assembled material denoted as
[Ag12(S'Bu)e(CF3CO0)6(TPSBF)s], for the detection of Hg**
ions.®” The optical properties of this material are intricately
linked to its structural arrangement. This material exhibits
remarkable atomic specificity and a unique structural architec-
ture, leading to an exceptionally low detection limit of 0.07 pg
mL™" attributed to the formation of the Ag-Hg fusion. Dong
et al. employed the [Ag;,(S‘Bu)g(CF;CO0),(BPY-NH,),], CAM
(denoted as Ag;,BPY-NH,) for ultrasensitive ratiometric lumi-
nescent oxygen sensing, leveraging both dual fluorescence and
phosphorescence emission.®® The introduction of the amino
group, featuring lone-pair electrons, effectively initiates spin-
orbit coupling, thereby facilitating the triplet excitation state
and resulting in dual emission, thus extending the lifetime
values. Their findings underscore the exceptional capabilities
of the synthesized CAM in detecting oxygen levels even under
hypoxic conditions, achieving an impressive sensitivity with a
detection limit as low as 0.1 ppm and a rapid response time of
0.3 seconds. This swift response time allows for immediate
visual confirmation of oxygen levels, making it a promising
tool for practical applications with straightforward observation
with the naked eye. In line with this advancement, Li et al.
contributed to this evolving landscape by elucidating the
remarkable reversible photoluminescence dynamics exhibited
by [Ag1o(S‘Bu)(CF3CF,CO0),4(BPY),(CH;CN),], (denoted as
Ag10BPY-CH;CN) for acetonitrile sensing.®® Their results reveal
the intriguing property of this one-dimensional Ag(i)) CAM
chain to emit bright green light centered at 526 nm, while also
revealing its sensitivity to environmental factors. Notably,
exposure to air leads to a gradual decline in emission intensity,
yet the presence of acetonitrile vapor prompts a swift and
repeatable restoration of luminescence properties. Dar et al.
developed an {[(Ag12S:(S‘Bu)s(CF5;C0O0),(BPY)s)|-BPY}, CAM
(denoted as Ag;,S,BPY CAM)-based luminescence sensor for
precise identification of explosive analogs, specifically 2-NT

UV Light
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and 2,4-DNT.®® They observed fluorescence quenching when
the vapor of aromatic nitro compounds (2-NT and 2,4-DNT)
was exposed to thin films of the CAM, while exposure to ali-
phatic nitro compounds’ vapors showed no change in emis-
sion intensity, indicating the material’s aptitude for sensing
aromatic amines (Fig. 8a-c). Additionally, they successfully
reused the synthesized CAM-based sensor multiple times by
subjecting the exposed thin film to drying at 45 °C.

5.2. Biomedical

Cao et al. reported a new silver-porphyrinic cluster-assembled
material [Ago(‘BuC=C)s(CF;COO);(AgTPyP)],, denoted as Ags-
AgTPyP.”® They demonstrated its potential application in bio-
protection against super bacteria under visible light (Fig. 9a—
¢). Through mechanistic inquiries, they uncovered that the
combined presence of silver clusters and porphyrin units
within the framework significantly bolstered the material’s
capacity for charge separation upon photoexcitation, conse-
quently activating oxygen molecules to generate reactive
oxygen species such as singlet oxygen ('0,), superoxide rad-
icals ('O,7), and hydrogen peroxide (H,0,). Notably, they
identified a novel long-term charge-transfer process from the
AgTPyP unit to adjacent Ag, clusters. Additionally, they
observed that the Agy cluster exhibited a pronounced affinity
towards oxygen molecules, thereby enhancing the efficiency of
reactive oxygen species production. Das et al. explored the
applicability of the newly synthesized two-dimensional
[Ag14(S'Bu);10(CF3CO0)4(AZBPY),], CAM in photoacoustic
imaging.®® They have investigated the photoacoustic wave
generation capabilities of the synthesized CAM in various
solvent media and the obtained results showed that the
ethanol/chloroform medium induced more interactions, par-
ticularly C-H---F interactions with cluster units, compared to
the ethanol/acetonitrile medium. This interaction altered the
interdependent radiative photon emission and non-radiative
phonon emission processes. Notably, ethanol/acetonitrile
demonstrated superior blood vessel mimicking ability with the
synthesized nanoclusters, attributed to its enhanced photoa-
coustic wave generation capability.
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(a)

Intensity (a.u.)

@ % ™
° c @

—Control g2 €E8%8§ 8 5
—Acetone (c) S 2953528 3%
—— Acetonitrile 25 w s 5 g s g2 § §
—_ S % = 4 o £
_::FMMI 2§EO="’5‘2 o 2

5
e DMF —_ .5
= Triethylamine > Z‘j
— n-Butylalochol S I
— 1-Pentanol =
e Cyclohexane é‘ g
e n-Octane 2 ?l 2
——Toluene [ g
o Hexane € * s 2

e -3
——Ethanol - b £ 23
= nitromethane 3‘ &= -g
24 Diitrctoluene Il qE

2-Nitrotoluene h,@ ~ i

450 500 550 600 650 700

VOCs

Wavelength (nm)

Fig. 8

(a) Photographs exhibiting the CHzCN vapor-induced photoluminescence changes of the sample Ag;oBPY-CH3CN: photographs of the crys-

talline powder and thin film of Ag;,S,BPY CAM under visible and UV light, (b) PL spectra of thin films of Ag;>S,BPY CAM independently exposed to
the vapors of various organic molecules excited at 370 nm and (c) Bar diagram showing the sensitivity of thin films of Ag1,S,BPY CAM exposed to
the vapors of different solvents. Reprinted with permission from ref. 68 Copyright©2022, American Chemical Society.

10100 | Nanoscale, 2024, 16,10087-10107

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr01411a

Open Access Article. Published on 23 April 2024. Downloaded on 1/14/2026 8:39:03 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
(a)
<
2
Q
2
L
>
1%
¥
AgTPyP
(b) 104 E-coli {777} Dark Light
04 ek
0.1 Ii
S 0.01 !
Q 1 |
S 0.0014 L
1E-41
1E-51
1E-6] f
17| U ? : |
PQ9
Fig. 9

View Article Online

Review

Agy-AgTPyP

'0, H,0,

o & Live bacteria
#= 3 Dead bacteria

Agq Cluster

S. aureus 777) Dark Light

L S g

1E-7 A 000 N
\a(\\’\ KPY' pO
° P\gg.m

g 3

(a) Schematic representation of the Agy-AgTPyP photocatalytic inactivation of antibiotic-resistant bacteria. Antibacterial properties of Age-

AgTPyP. Comparison of the photocatalytic antibacterial performances of Age-AgTPyP, Ag*, TPyP, and AgTPP under both light and dark conditions
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5.3. Catalysis

Ag(1) CAMs have been gaining popularity as catalysts, primarily
due to their ability to generate reactive species such as 'O,
higher stability over several cycles of catalysis, and generation
of active sites for substrate binding. The generation of 'O, via
photosensitization of the porphyrinic-based CAM has proven
instrumental in neutralizing warfare agent simulants such as
the mustard gas simulant 2-chloroethyl ethyl sulfide (CEES)
and the neuro agent simulant diethyl cyanophosphonate
(DECP).”72%°1 Cao et al. have synthesized
[Ag12(S'Bu)s(CF3CO0);(TPyP)],, (Ag1,TPyP) which by its porous
structure could capture an incremental amount of CEES and
oxidize it to a less harmful CEESO, with 100% selectivity.””
They have also reported two phosphate-templated CAMs,
namely  [(HPO,)(H,PO,),@Ags4(SPr)s2(CF;C00)(CH5CN),
(H,TCPP)(TCPP)], (ZZU-601) and {[(HPO.),@Ag:s(SPr)g
(H,PO,)4(H,ZnTCPP)(C,H;OH)],CH;CN},,  (ZZU-602), which
proved to be effective not only against CEES, but also DECP as
well.”® Zhang et al. showed further modification in the Ag;,
nanocluster to synthesize 4 different CAMs with modified
BODIPY ligands, such as Ag,,-BDP, Ag,,-BDP-Py, Ag;,-BDP-H,
and Ag;,-BDP-], in the quest to meticulously modulate its
porosity, '0, generation efficiency, and adsorption (Fig. 10a).”*
Meanwhile, all of them showed good conversion efficiency
against CEES, and Ag,,-BDP-I demonstrated the best perform-
ance owing to the presence of two heavy iodine atoms at 2 and
6 positions, which facilitated ISC and hence 'O, generation.

This journal is © The Royal Society of Chemistry 2024

The narrow band gap of metal chalcogenolate clusters has
paved the way for photocatalytic degradation of organic
dyes.>>”® Xu et al. have synthesized a ternary chalcogenolate
cluster CdgAgy(SPh);6(DMF), and its 3D {[CdeAgs(SPh)e]
(BPE),} CAM connected by the rigid BPE linker.”> While the
molecular cluster itself took 180 min to reduce the concen-
tration of rhodamine B (RhB) by 95% under illumination, the
framework achieved the same in 90 min (Fig. 10b). The conju-
gated structure of RhB was degraded, evident from the red
shift in the absorbance upon successive illumination. The
framework nature and the broad visible spectra could efficien-
tly use the incoming energy. To further delve into the degra-
dation mechanism of RhB, Wang et al. synthesized a 1D Ag(1)
CAM chain, [CdsAg,(SPh),6(DMF)(H,O)(BPE)],, with a broader
and red-shifted (120 nm) absorption spectra than the parent
CdgAg4(SPh),4(DMF), cluster.”® It reduced the concentration of
RhB by 98% in 20 min after illumination, showcasing superior
photocatalytic potential than its parent cluster, even after 5
cycles of catalytic activity. When investigating its degradation
activity in the presence of several scavengers, they observed a
suppression upon the addition of NaNj; (the 'O, scavenger). It
was concluded that 'O, is the primary species for the degra-
dation of the dye. Moreover, when the reaction was performed
under N, conditions, similar observations were made owing to
the absence of O, and hence the generation of 'O,. The conju-
gated structure of the chain facilitated better optical absorp-
tion, generating charge carriers and facilitating their move-
ment on the catalyst, thereby generating 'O, to degrade RhB.
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Copyright©2023, American Chemical Society. (b) UV/vis spectra and color images showing the decomposition of aqueous rhodamine B (4.2 x 107>
M) photocatalyzed by the microporous [CdeAg4(SPh);6(DMF)(H,O)(BPE)],, CAM. Reproduced from ref. 70 with permission from the Royal Society of

Chemistry.

The n-Lewis acidic nature of the Ag(i) atoms has been har-
nessed in organic catalytic reactions to undertake carboxylate
cyclization of both terminal and internal propargyl amines
with CO, The extraordinary substrate scope was achieved
through the arrangement of the saddle-shaped Ag,, nano-
cluster into a 2D structure connected via TPyP-H, ligands to
synthesize a {[Ag,7S,(SBu),4(CF;CO0),(TPyP-H,)](CF;CO0)},
CAM that maximized the accessibility of the substrate and
exposed Ag atoms for efficient binding via Ag-r interactions.®*
Jing et al. utilized an enantiomeric mixture of R/S-[Ag;,Cl
(S'Pr)oS(CH;COO0)sH,0] (R/SAg1), alongside [Ir-
(coumarin),(DTBBPY)][PFs] as a photosensitizer (PS) and tri-
ethanolamine (TEOA) as a sacrificial electron donor in a three-
component hydrogen-evolving catalytic system.® After 8 h of
photocatalysis, they successfully generated 547.9 pumol of
hydrogen gas with a TON of ~4440, which excels more than
most of the reported silver-based photocatalysts for hydrogen
evolution. The framework nature of the cluster caters to it with
higher stability to perform better as a catalyst than compared
0D clusters known in the literature.

5.4. Device fabrication

Since the revelation of layered carbon nanomaterials, scientists
have turned towards atomically stacked 2D nanostructures.®>°
When these materials are scaled down to a single layer, they
undergo profound alterations in optical properties, charge
carrier mobility, and electrical conductivity, all attributable to
quantum size effects.”®” This transformative capability posi-
tions 2D semiconductor materials at the forefront of advanced
electronic device design.’® Field-effect transistors (FETs) are
pivotal components of modern technological devices, operat-
ing as three-terminal devices where the voltage applied to the
gate terminal controls the electric current flow through the
channel.”” 2D semiconductors have emerged as ideal candi-

10102 | Nanoscale, 2024, 16, 10087-10107

dates for transistors, overcoming challenges such as channel
shrinking encountered with silicon transistors.'®® The evol-
ution of atomically precise organic semiconductors presents
an intriguing story in the field of FET devices. These materials,
characterized by discrete energy levels, offer unparalleled ver-
satility in electronic coupling, allowing for fine-tuning through
alterations in size and composition. While colloidal semicon-
ducting quantum dots initially showcased immense promise,
their non-deterministic size distribution hindered electronic
coupling control.'® In pursuit of precision and efficiency,
researchers redirected their focus toward atomically precise
Au-based NCs, harnessing the benefits of discrete energy levels
arising from quantum confinement but faced challenges due
to inherently resistant colloidal interconnectivity among dis-
crete NCs, affecting the overall charge transport properties.**
Later on, a separate study highlighted the importance of long-
range ordering in enhancing semiconducting transport pro-
perties."® Yuan et al. introduced a 1D (AuAg);4(1-ethynylada-
mantane),, NC assembled via Ag-Au-Ag bonds, exhibiting
superior carrier mobility compared to previous examples.'®
However, the transport characteristics of pure Ag NCs remain a
challenge. By tackling stability concerns, the potential of orga-
nized Ag(i) CAMs with precisely designed structural arrange-
ments emerges as a captivating frontier.

The pursuit of a 2D single-layer architecture of Ag(1) CAMs
adds a layer of intrigue to this narrative. To pursue a 2D
single-layer architecture, researchers have sought towards a
top-down approach, ie., utilizing mechanical vibration on
bulk crystals. By delving into the intricate semiconducting
transport properties of a single layer of Ag(i) CAMs, Das et al.
have introduced a synthetic methodology to fabricate an
Archimedean solid-like Ag(1) core-based semiconducting CAM,
[Ag1,(S'Bu)s(CF3CO0)s(AZBPY);], denoted as Ag;,-AZBPY.°* In
this structure, AZBPY linkers selectively bond to Ag,, cluster

This journal is © The Royal Society of Chemistry 2024
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nodes, forming a covalently bonded 2D honeycomb-like
layered architecture. Single-crystal analysis unveils a hexagonal
crystal structure with interlayer non-covalent stacking, while
liquid phase exfoliation yields distinct single layers with finely
modulated optoelectronic band structures. The optimized
CAM showcases a unique electronic configuration with the
conduction band localized on the azo group of the AZBPY
linkers and the valence band localized on the Ag;, cluster
nodes. This arrangement facilitates efficient electron injection
into the cluster nodes, albeit with restricted interlayer charge
hopping (Fig. 11). Leveraging these properties, they fabricate a
FET device utilizing a single-layer Ag;, CAM, demonstrating
remarkable p-type behavior with a hole mobility of 1.215 cm?
v~ s at 5V, a carrier concentration of 4.98 x 1018 cm™>, and
an ‘ON/OFF’ current ratio of up to 4500 at RT. This under-
scores the immense potential of 2D Ag() CAMs as new
materials for semiconductor applications, providing crucial
insights into the design and fabrication of electronic devices
with unprecedented performance characteristics.

6. Conclusions and future outlook

This comprehensive review summarizes a discussion on the
representative studies concerning the assembly formation and
structural characteristics of Ag(1) CAMs, highlighting the
structure-property correlation. Additionally, we probed into
the key factors influencing the dimensionality of the assem-
blies. Photoluminescence, one of the most prevalent pro-
perties of these CAMs, has also been discussed with
insights into its temperature-dependent emission and tun-

This journal is © The Royal Society of Chemistry 2024

ability with intricate changes in the structure. These investi-
gations have underscored the remarkable versatility and tun-
ability of Ag(1) CAMs, enabling precise control over their pro-
perties for a wide range of applications spanning photoa-
coustic imaging, sensing, organic dye degradation, syngas
generation, and so on. Furthermore, we have meticulously
compiled a detailed summary of the unit-cell parameters,
space group, dimensionality, and applications of the
reported Ag(1) CAMs in the literature presented in a tabular
format (Table 1). We believe that the discussion presented
herein will prove instrumental for beginners and individuals
well-versed in the subject.

7. Future outlook

7.1. Targeted synthesis and dimensionality control

A promising direction for future research could involve refin-
ing the precise customization of Ag(1) CAM synthesis, provid-
ing us with the ability to finely control their dimensionality.
Although significant progress has been made in understand-
ing their structure and properties, there remains a need for a
deeper understanding of the assembly process of cluster nodes
and linkers. Controlled synthesis techniques are important for
tailoring Ag(1) CAMs to specific applications, thus more exten-
sive research in this area is needed to unleash their full
potential.

7.2. Photoluminescence mechanism and enhancement

The photoluminescence properties of Ag(1) CAMs have received
considerable attention, although unraveling their underlying
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mechanisms and improving their photoluminescence
quantum yield present significant challenges. Understanding
the respective roles of the NC core and organic linker com-
ponents of the CAMs in emission, as well as identifying
excited states contributing to emission (fluorescence and
phosphorescence), is crucial for improving the functionality of
CAMs across various applications.

7.3. Functional devices and applications

Despite the significant progress in fundamental studies, there
is a need for the development of functional devices and appli-
cations utilizing Ag(i) CAMs. Promising avenues include field-
effect transistors, memory devices, and sensors, leveraging the
specific structure architecture of Ag(i) CAMs. Additionally,
these have the potential ability for biomedical applications,
therefore research in this direction can open the way for state-
of-the-art applications of Ag(1) CAMs.

7.4. Healthcare diagnostics and environmental monitoring

The utilization of Ag(1) CAMs in DNA detection and photoa-
coustic imaging is getting attention. Further research in these
directions can increase the selectivity and sensitivity of Ag(i)
CAM-based DNA sensors, enabling accurate and early detec-
tion of genetic biomarkers associated with various diseases.
Additionally, Ag(1) CAMs are emerging as promising sensors
for notorious environmental pollutants such as heavy metals
and synthetic organic dyes. Future research endeavors could
focus on optimizing the design of Ag(1) CAM-based sensors to
achieve highly accurate and rapid detection of notorious
environmental pollutants, enabling timely identification and
mitigation of potential threats.
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