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ABSTRACT: Over the past decades, metal nanoclusters have
emerged as a novel class of highly attractive materials, owing to
their atomic-level precision, complete homogeneity, and intriguing
properties such as luminescence and catalytic activity. Typically, a
metal nanocluster consists of a metal core surrounded by surface
ligands. While the metal core plays a crucial role, it is increasingly
recognized that surface ligands are far more than mere stabilizing
agents. Compared to classical organic ligands such as thiolates
and phosphines, oxygen (O) donors—including carboxylates,
sulfonates, phosphinates, and phosphonates—have long been
known but remain underestimated. Notably, O donors exhibit
diverse coordination modes, making them particularly promising
candidates for generating novel architectures. Moreover, O donors are highly effective in introducing chirality, luminescence,
and other functionalities into metal nanoclusters. Many of these donors are also inexpensive, readily available, stable under
ambient conditions, and easy to handle. In this review, we systematically summarize the development of O-donor protection in
atomically precise cionage metal nanoclusters, with a particular emphasis on the structures of surface motifs associated with
O donors. We also briefly survey the reported properties of clusters featuring O-donor protection. We hope this review will
draw greater attention to O donors as ligands for nanoclusters, given their promising potential in generating novel structures
and properties, particularly in coinage-metal nanoclusters.
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These unique characteristics have made metal nanoclusters
indispensable for advancing nanochemistry. However, direct
observation of their molecular structures—especially for larger
clusters—offers valuable insights into the aggregation of metal
atoms and the subsequent growth into nanoparticles [6-8]. More
importantly, metal nanoclusters can be considered miniature
analogs of nanoparticles, providing excellent platforms for
exploring structure-property relationships at both atomic and
nanoscale levels.

Typically, a metal nanocluster consists of a metal core
surrounded by surface ligands. Although the metal core is

1 Introduction

Atomically precise coinage-metal nanoclusters have attracted
considerable attention over the past few decades [1]. In terms of size
and structure, metal nanoclusters typically span the sub-nanometer
to nanometer scale. However, owing to their molecular nature, they
possess well-defined molecular structures and uniform sizes, in
contrast to conventional nanomaterials. Many metal nanoclusters
also exhibit promising luminescent and catalytic properties that
rival those of larger metal nanoparticles and nanocrystals [2-5].
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fundamentally important, it is increasingly recognized that surface
ligands play roles far beyond merely stabilizing the nanocluster.
This is because metal-ligand interactions are crucial in shaping the
overall structures and properties of these clusters. Among these, the
application of phosphine [9-13] and thiolate [14-17] ligands was
initially established and remains the subject of extensive study. Over
the past two decades, considerable efforts have been devoted to
developing new organic ligands to further advance coinage-metal
nanoclusters. As a result, clusters protected by alkynyl [18-21], N-
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heterocyclic carbene (NHC) [22-24], and nitrogen (N) donor
ligands [25-27] etc., were reported. Meanwhile, oxygen (O) donor
ligands—including carboxylates, phosphonates, and sulfonates—are
well known, yet their roles in the broader framework of metal
nanocluster ligands remain somewhat underestimated.

According to the classical hard-soft acid-base (HSAB) theory,
coinage-metal atoms (Au, Ag, and Cu) are generally classified as
soft acids, showing a preference for forming strong bonds with soft
bases such as phosphines and thiolates [28]. In contrast, hard-base
ligands—particularly those containing O donors—typically interact
only weakly with relatively hard copper or silver atoms. For
example, in the pioneering example of O-donor protection for
atomically precise metal nanoclusters reported in 1976, ‘BuOH
molecules were observed on the cluster surface [29]. To improve
the affinity of O donors toward metal atoms, it is beneficial to use
negatively charged, multidentate O-donor ligands. As early as 1985,
bidentate carboxylates carrying a —1 charge were identified as
suitable candidates for stabilizing metal nanoclusters [30]. Since
then, the family of O-donor ligands has expanded rapidly to include
new members such as phosphonates and sulfonates, and recent
studies have reported novel nanocluster structures stabilized by
these ligands. Notably, during the 2000s, Mak and coworkers
reported a series of copper and silver nanoclusters and investigated
their associated properties [31-35]. O-donor ligands have been
shown to offer several distinct advantages. First, they exhibit diverse
coordination modes, making them promising candidates for the
construction of novel architectures. Second, they serve as effective
carriers for introducing chirality, luminescence, and other
functionalities into metal nanoclusters. Furthermore, most O-donor
ligands are cost-effective, readily available, stable under ambient
conditions, and easy to handle. More recently, calixarenes and
polyoxometalates have emerged as novel classes of O-donor
ligands, providing enhanced stability and additional functionalities
to metal nanoclusters. As a result, it is now widely recognized that
O-donor ligands represent an independent category of organic
ligands with considerable design flexibility.

This review provides a systematic summary of the development
of O-donor protection in atomically precise metal nanoclusters,
with a particular focus on the structures of surface motifs associated
with O donors. The properties reported for clusters stabilized by O-
donor ligands are also briefly discussed. We hope this review will
draw greater attention to O donors as versatile ligands for
nanoclusters, given their demonstrated potential in enabling new
structures and properties, particularly in  coinage-metal
nanoclusters.

2 Structures stabilized by O-donor ligands

Although O-donor ligands have not yet been systematically
explored for their ability to stabilize coinage-metal nanoclusters, an
increasing number of such structures have been reported. These
include, but are not limited to, nanoclusters protected by
carboxylates, sulfonates, phosphinates, phosphonates, newly
developed calixarenes and polyoxometalates, and other related
ligands. Here, we categorize the documented structures by ligand
type, summarize their characteristic coordination motifs, and
provide a comprehensive discussion of selected representative
clusters.

2.1 Metal nanoclusters with carboxylates

Carboxylates, as one of the most common classes of O-donor
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ligands, are widely used in the formation of metal complexes. In
most metal nanoclusters stabilized by O-donor ligands, carboxylate
groups typically coordinate to metal atoms in staple-like or higher-
denticity modes, ranging from chelating to bridging binding motifs
(Scheme 1). They can also interact with auxiliary ligands to further
stabilize the metal core, resulting in diverse structural
configurations. In this section, we highlight several representative
compounds that exhibit particularly intriguing coordination motifs
or structural features.

For coinage metals, carboxylates predominantly form
coordination bonds with silver and copper, typically introduced via
metal salts. A commonly cited example is CF;CO,Ag [3, 36-40].
The first coinage-metal cluster protected by the CF,CO, ligand,
Cuy(CF;CO,)4(EtC=C), (Cuy), was synthesized by Adams in 1989
(Fig. 1(a)) [36]. In this cluster, each of the four CF;CO, ligands is
coordinated to two Cu atoms along the edges of the tetrahedral Cu,
core, forming motif 1d. Later, in 2000, Fenske and coworkers
reported a mixed-valence silver cluster, [Ag(BuNH,),],
[Ag(‘BuNH,)(BuN=CHCH,)],[Ag,,(CF;CO,),] (designated as
Agy,, Fig. 1(b)) [37]. Similar to the Cu, cluster, the CF,CO,  ligands
coordinate to silver atoms in motif 1d. More recently, Wang’s
group reported a novel one-dimensional (1D) chain structure,
[Au,Agy(dppf)s(CF;CO,),BE,],, (referred to as Au,Agy-1D; dppf
denotes  1,10-bis(diphenylphosphino)ferrocene), derived from
classical M; clusters (Au@AugAg,) [40]. In this M5 cluster, the Au
atoms are protected by three dppf ligands, while the Ag atoms are
stabilized by CF;CO,  ligands. Some CF;CO," ions also coordinate
with additional silver atoms, promoting the linkage of clusters into
a 1D superstructure, as shown in Fig. 1(c). In total, the CF,CO,
ligands in combination with silver atoms form four distinct motifs.
Specifically, ligands in motifs 1a and 1d chelate only the silver
atoms in the M,; core, whereas those in motifs 1e and 1f also bind
to external silver atoms, thereby generating the 1D cluster-based
chain.

Beyond CF;CO,, bicarboxylates can act as multidentate ligands.
For example, in 2020, perfluoroglutarate (pfga) was used to stabilize
coinage-metal nanoclusters [41]. Liu and colleagues reported an all-
carboxylate-protected Agg cluster, [Agy(pfga)s]”, representing the
first superatomic silver nanocluster fully protected by carboxylates
and featuring two free electrons (Fig. 1(d)). The chelating pfga
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Scheme1 Coordination modes of carboxylates on the surface of metal
nanoclusters.
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Figure1 Structures of Cu, (a), Agp, (b), Au;Agy-1D (c), Agg (d), and Ag;,Cuy, (e) (insert: structures of Agy kernel, AgCu; unit, and coordination mode of
Cl(CH;)CHCO;), respectively. Hydrogen atoms are omitted for clarity. Color legend: C, gray; N, blue; O, red; F, yellowish green; P, purple; Cl, green; Fe, dark blue; Cu,

turquoise; Ag, electric lime; Au, orange.

ligands adopt a u,-ko', ko', ko' ko' coordination mode, with each
carboxylate interacting with silver atoms according to motif 1d.
Chirality can also be introduced through the R group of
carboxylates, occasionally rendering the two O donors inequivalent
within a single structure. In 2021, Zhu and Wang reported a pair of
chiral silver-copper clusters, R-/S-AgsCu,;,, formulated as
[Ags,Cuy,(R/S-CI(CH;3)CHCO,),(SAdm) ,(P(CH;0Ph);) 4]
(SAdm = I-adamantanethiolate) [42]. Here, the chiral R-/S-
CI(CH;)CHCO,  ligands connect silver and copper atoms via motif
1d, linking the AgCus tetrahedral units to the central Ag, kernel
(Fig. 1(e)).

In addition to alkyl carboxylates, aromatic carboxylates—such as
benzoate (PhCO,")—are widely used in the synthesis of coinage-
metal nanoclusters [43-51]. These ligands typically contain one or
more aromatic rings, which can engage in intermolecular and
intramolecular interactions, including m-m and o-m interactions. In
certain structural arrangements, Ag--1t interactions have also been
observed [52, 53]. Such interactions can considerably influence the
structural formation and properties of metal nanoclusters,
highlighting their importance in guiding cluster architecture and
potential applications.

Wang’s group reported a gold(I)-silver(I) cluster (CAugAg,)
featuring benzoates templated by a C* anion, characterized as
[(C)(Au-PPhpy,)sAgs(PhCO,);](BE,)s [45]. In this cluster, the
pyridine rings of the PPhpy, ligands and the PhCO," ligands co-
protect the silver atoms on the surface of the [(C)(Au-PPhpy,)s]*
core (Fig. 2(a)). The PhCO, ligands adopt motif 1d, identical to
that observed in the Cuy, cluster, [Cuy,(PhSe),,(PPh,),(PhCO,)4],
reported by Shen and coworkers (Fig. 2(b)) [46]. Through the use
of molybdate anions, Sun’s group reported two silver clusters
[MogO,@Ags(PrS),,(PhCO,) 1s(CH;CN),)]-4CH;CN  (Agsy) [47]
and [Ag1@(M0O,);@Ag(BuCgH,S)s(mbc),s(DMF)(H,0),]
(Agy) (mbc = 4-MeO-PhCO,") [49] co-protected by benzoate and
thiolate ligands. In Agg,, the benzoate ligands adopt motifs 1a, 1d,
and le (Fig. 2(c)), while in Agy, the mbc ligands adopt motifs 1d

..................

9140113 (3 of 17)

and le (Fig. 2(d)). The presence of three and two distinct
coordination motifs in Agsy and Agy, respectively, suggests that
higher nuclearity and larger metal cores promote greater diversity
in benzoate ligand coordination.

Beyond benzoate derivatives, carboxylates with extended
aromatic systems have also been used to stabilize metal
nanoclusters. In 2023, 9-anthracenecarboxylate (9-AnCO,),
featuring a multi-ring m-system, was used to protect silver
nanoclusters. Liu and colleagues reported a series of isomorphic,
carboxylate-protected superatomic Ag,¢ nanoclusters mediated by
phosphine and arsine ligands [50]. The metallic core can be viewed
as an Ag, kernel surrounded by additional individual silver atoms.
The Agg kernel consists of a chair-shaped hexagonal ring with silver
atoms positioned on both sides, interconnected via Ag-Ag
interactions. The 9-AnCO," ligands stabilize the Agg kernel while
simultaneously coordinating to external silver atoms (Fig. 2(e)). For
example, in [Ag;(Ph;P)s(9-AnCO,),,](OH),, the 9-AnCO, ligands
adopt motifs le and 1f. Each of the six ligands in motif le bridges
three silver atoms: one at a vertex of the Agg kernel, one on the Agj
ring, and one external silver atom. The remaining ligands in motif
1f connect two silver atoms on the Ag, ring and two external silver
atoms.

Amino acids are among the most common chiral compounds in
nature, valued for their biocompatibility and sustainability.
Established synthetic methods allow the commercial availability of
highly pure enantiomers. From a coordination chemistry
perspective, deprotonated amino acids can be regarded as a
specialized subclass of carboxylates, distinguished by an additional
electron-donating amino group. Containing at least two oxygen
atoms and one nitrogen atom, they represent a particularly
attractive class of ligands for metal coordination. Metal nanoclusters
stabilized by amino acids have been synthesized and exhibit novel
structural and functional properties [54-58]. In 2021, Wang’s
research group reported a mixed-valence silver cluster co-protected
by amino acid and alkyne ligands, [Ag,(L-/D-valine),,

Polyoxometalates, 2026, 5, 9140113
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Motif 1e

Motif 1f

Figure2 Structures of CAugAg; (a), Cuy (b), Agsy (c), Agy (d), and Ags (e) (insert: coordination modes of 9-AnCO,"), respectively. Hydrogen atoms are omitted for
clarity. Color legend: C, gray; N, blue; O, red; P, purple; S, yellow; Cu, turquoise; Se, tyrian purple; Ag, electric lime; Au, orange.

(C=CBu)4|BF, (L-/D-Ag,;, Fig. 3(a)) [55]. In this cluster, the
surface amino acid ligands (L-/D-valine) adopt a py-xo'ko'Ky'
coordination motif, reflecting the additional N-coordinated site.
Interestingly, mass spectrometry and electronic structure analyses
revealed that the -NH, group coordinated to silver atoms without
deprotonation (Fig. 3(a)). Recently, they further reported chiral gold-
silver nanoclusters, [Au,Agg(dppf);(L-/D-proline)s(C,H,NH,"CO,")]
(BF,),, desigranted as L-/D-Au,Agg, protected by amino acid and
phosphine ligand (Fig. 3(b)) [56]. Unlike L-/D-Ag,,, the N sites of
proline are not coordinated to the metals. Instead, only the carboxyl
groups of proline bind to silver atoms, adopting motifs 1d and 1f
(Fig. 3(b)). The uncoordinated N sites of the proline ligands,
together with their cooperative interactions with the metal core,
were leveraged to achieve excellent catalytic performance in
asymmetric reactions using the Au,Ag;g cluster.

In our survey, we found that monosubstituted
monothiocarbonates (ROC(=S)O") have also been used in the
synthesis of coinage-metal nanoclusters. These ligands are
generated by replacing one oxygen atom in a carbonate group with
a sulfur atom and can coordinate to cluster surfaces in a manner
similar to carboxylates, representing a distinct subclass of
carboxylate derivatives. In 2017, Liu and colleagues reported a
copper(I) cluster, Cu,;[ CyOC(=S)O];s (Cuyg) [59]. In this cluster,
the monothiocarbonate ligands coordinate to three or four
copper atoms via ys-ko', kg and pgko', 5 modes, respectively
(Fig. 3(c)).

In summary, carboxylate ligands stabilize coinage-metal
nanoclusters through two key features: They provide flexible,
tunable coordination modes that support the formation of diverse
and robust structures, and their organic backbones are readily
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Figure3 Structures of L-/D-Ag,; (a) (insert: coordination mode of D-valine), L-/D-Au,Agg (b) (insert: coordination modes of D-proline), and Cuyq (c) (insert:
coordination modes of CyOC(=S)O"), respectively. Hydrogen atoms are omitted for clarity. Color legend: C, gray; N, blue; O, red; P, purple; S, yellow; Fe, dark blue; Cu,
turquoise; Ag, electric lime; Au, orange.
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functionalizable, allowing accurate control over the clusters’
electronic and chiral properties.

2.2 Metal nanoclusters with sulfonates

Similar to carboxylates, sulfonates are anionic species carrying a
single negative charge and have demonstrated considerable
coordination capabilities with copper and silver ions in recent years.
However, the presence of an additional O donor allows sulfonates
to adopt a wider variety of coordination modes compared to
carboxylates. Several of these motifs have been observed in coinage-
metal nanoclusters to date (Scheme 2).

Several readily available alkyl and aryl sulfonate ligands have
been widely used in coinage-metal nanocluster synthesis. For
example, CF;SO;™ can be introduced via the metal salt CF;SO;Ag,
analogous to CF;CO,Ag. In 2000, Mak and colleagues reported a
sitver cage-based chain (Agy,) incorporating CF;SO;™ ligands in
motif 2i [60]. In this structure, each oxygen atom of the CF;SO;
ligand bridges two silver atoms (Fig. 4(a)). The CF,SO;" ligands play
a critical role, acting not only as chelating and protective agents but
also as essential linkers connecting silver cage units. Furthermore,
Braunstein synthesized a Cu, cluster featuring a linear metal core,
[Cus(BuyPCypacPBu,)o(CF;S05)(CF;S03),, where Bu,PCyycP'Bu,
denotes 1,3-bis(di-tert-butylphosphino)-imidazole-2-ylidene [61].
As shown in Fig. 4(b), it is evident that the CF,SO;" ligand in the
Cu; cluster adopts motif 2e.

Using the solvothermal synthetic method, Sun and coworkers
successfully obtained two anion-templated silver clusters stabilized
by aryl sulfonate ligands, namely [Mo,0,,@Ag, (PrS),o(p-TOS);6
(CH,0H),4CH;0H] (Agy, p-TOS = p-toluene sulfonate) and
[Mo0,0,4(S0,)],@Ag;3S,(PhSO5),7(BuS)3,(SO,)5(H,0),2H,0 (Agzs)
(Figs. 4(c) and 4(d)) [62, 63]. In Agy,, the relatively smooth metal
core surface is protected by p-TOS ligands, with each ligand
coordinating to 2—4 silver atoms, forming motifs 2b, 2¢, 2f, and 2g.
In contrast, Ag,; exhibits a highly irregular core surface, likely
because some phenyl sulfonate ligands penetrate the metal core.
Therefore, the sulfonate ligands adopt a broader range of
coordination modes, with motif 2h reaching a higher coordination
number of 5.

Using chiral sulfonate ligands, D-/L-camphorsulfonic acid (D-/L-
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Scheme2 Coordination modes of sulfonates on the surface of metal

nanoclusters.

CSA), Zangs group reported enantiopure silver nanoclusters
[Ag(SPDL(D/L-CSA)(pyridine),(H,0)] (D-/L-Agy,, Fig. 4(e))
[64]. In this cluster, the six CSA ligands adopt three distinct
coordination motifs: 2a, 2b, and 2c. The combination of the chiral
CSA ligands, the intrinsic properties of silver, and their mutual
interactions collectively contribute to the remarkable circularly
polarized luminescence (CPL) observed in these structures.

Overall, sulfonate ligands demonstrate diverse coordination
modes with coinage metals, including both chelating and bridging
arrangements, primarily owing to the presence of an additional O
donor that expands their binding versatility.

Figure4 Structures of Agy, (a) (insert: coordination mode of CF;SO5’), Cu; (b), Agy; (c), Agys (d), and D-/L-Ag,, (e), respectively. Hydrogen atoms are omitted for
clarity. Color legend: C, gray; N, blue; O, red; F, yellowish green; P, purple; S, yellow; Cu, turquoise; Ag, electric lime.
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2.3 Metal nanoclusters with phosphinates, phosphonates,
and phosphates

Phosphinates, phosphonates, and substituted phosphates are
structurally analogous to phosphoric acids. The proximity of
phosphorus and sulfur in the periodic table accounts for the similar
coordination behavior of these anionic species to sulfonates. Thus,
they have shown promising capabilities as ligands for stabilizing
metal nanoclusters in recent studies. Typically, a phosphinate has
the general formula R,PO,” (e.g, diphenylphosphinate, Ph,PO,")
and contains two alkyl or aryl groups directly bonded to the
phosphorus atom. In contrast, a phosphonate features only one
direct P-C bond, giving the general formula RPO;" (e.g., tert-
butylphosphonate, BuPO;*). Substituted phosphates are derivatives
of H;PO, in which one or more hydrogen atoms are replaced by
organic groups. When one or two hydrogens are replaced, forming
mono- and disubstituted phosphates (ROPO5> or (RO),PO,),
these ligands retain the ability to coordinate to metal centers.
Structurally, phosphinates (R,PO,") and disubstituted phosphates
((RO),PO;") closely resemble carboxylates, whereas phosphonates
(RPO;*) and monosubstituted phosphates (ROPO;™) are analogous
to sulfonates. However, a notable distinction is that the P-O bond
is longer than the S-O bond, enabling these ligands to
accommodate coordination to a greater number of metal atoms.
Furthermore, phosphonates and monosubstituted phosphates carry
two negative charges, which enhances their affinity for metal atoms.
These steric and electronic features contribute to a greater tendency
for phosphinates, phosphonates, and phosphates to coordinate with
more metal centers compared to carboxylates and sulfonates.
Therefore, these ligands exhibit a wider variety of coordination
modes and can achieve higher coordination numbers, reaching up
to nine in certain metal nanocluster systems.

2.3.1 Phosphinates and disubstituted phosphates

Because both R,PO, (eg., diphenylphosphinate, Ph,PO,) and
(RO),PO, (e.g, R-/S-1,I’-binaphthyl-2,2’-diylphosphate, R-/S-
BinapO,PO,") contain two O atoms capable of metal coordination,
these two classes are discussed together in a single subsection. Their
coordination modes are shown in Scheme 3. Our analysis shows
that, although the -PO, group has an atomic arrangement and
number of donor atoms similar to ~CO,, ligands containing the

R\ R R\ /R R\ ) R
L2 \\ . \\ " \\
;O{ ~ c‘) .O\{ ~ Q -O\{ \‘ |

M M- ‘™M
. m M M M
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Scheme3 Coordination modes of phosphinates and disubstituted phosphates
on the surface of metal nanoclusters.
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-PO, moiety generally achieve higher coordination numbers,
coordinating up to six metal atoms. This difference can be
attributed to the larger atomic radius of phosphorus compared to
carbon, which results in a P-O bond approximately 0.3 A longer
than a C-O bond in carboxylates, providing greater spatial
flexibility for metal coordination.

Among phosphinates, Ph,PO,” is the most commonly used
ligand for constructing coinage-metal nanoclusters [65-67]. Wang
and coworkers reported two silver nanoclusters protected by
Ph,PO;, [Agy(3,5-(MeO),-PhC=C)4(Ph,PO,),,]SbF, (Agy-1) and
[Agy (H,BTCA)y(Ph,PO,) o|SbFs (Agy-2, HBTCA = p-tert-
butylthiacalix[4]arene) [65]. In Ag,,-1, the Ph,PO," ligands adopt
motifs 3a, 3b, 3¢, and 3d, coordinating 2-5 silver atoms, respectively
(Figs. 5(a) and 5(d)). The metal core of Ag,,-1 consists of a central
Ag; icosahedron connected to two Ags trigonal bipyramids via
shared vertex atoms. Ligands in motifs 3b, 3c, and 3d bridge the
Ag,; and Ag;s units, stabilizing the entire metal core, while motif 3a
chelates the Ag; units. These observations underscore the critical
role of Ph,PO," ligands in both stabilizing the cluster and facilitating
the formation of high-nuclearity structures. In 2023, Liu and
Morsali reported a 1D chain Ag, [66]. The coordination motif 3e
was observed for the first time (Figs. 5(b) and 5(d)). In this motif,
Ph,PO,™ and CF;CO; ligands together bridge the Ag, units into a
1D chain, demonstrating that Ph,PO," ligands can connect metal
atoms to form higher-dimensional architectures and thereby
enhance structural diversity.

R-/S-BinapO,PO, is one of the few chiral phosphates featuring
two O-coordinating sites. Recently, Chen’s group reported chiral
silver-copper  cluster  enantiomers, [Ag,Cu[CH(PPh,);],
(Ph,NC4H,C=C),(R-/S-BinapO,P0,),]ClO, (R-/S-Ag,Cu) [67]. As
shown in Figs. 5(c) and 5(d), the R-/S-BinapO,PO;" ligands in R-/S-
AgCu connect all six silver atoms and are arranged exclusively in
motif 3a. Meanwhile, the chirality of R-/S-BinapO,PO, is
transferred to the cluster with significant amplification, thereby
influencing the CPL properties of this compound.

2.3.2  Phosphonates and monosubstituted phosphates

Both phosphonates and monosubstituted phosphates contain the
same —PO;> moiety, providing three O-donor sites that can chelate
more metal atoms than phosphinates (Scheme 4). Additionally,
under certain synthetic or crystallization conditions, these ligands
can be observed in their protonated forms (-PO;H’). When a
proton is retained, the -OH group is capable of participating in
hydrogen-bonding interactions, which introduce unique structural
arrangements and chemical environments, further influencing the
overall architecture of coinage-metal nanoclusters.

Phosphonates and monosubstituted phosphates have been
widely used to construct high-nuclearity metal nanoclusters
[68-71]. In 2017, Lu and Xie reported four silver clusters co-
protected by functional phosphonates, thiolates, and alkynyl ligands
[68]. Take Ag;; and Ag,q for example, BuPO;* and ‘BuPO;H™ in
Ag;S;@Ag;,('BuC=C)¢('BuS) ,('BuPO;)('BuPO;H)(hfac)s(H,0),
(Ags;) formed in motif 3j, and "BuPO;~ and "BuPO;H" in
S@Ag,S4@Agse(BuC=C),,(BuS) ,("BuPO;),("BuPO;H), (Agss)

formed in motif 31 (Figs. 6(a) and 6(b)). In the Ag,s cluster, the
central core consists of an S@Ag),Ss unit. Each O atom of the
BuPO;> or ‘BuPO;H" ligands coordinates to one silver atom from
this core. Additionally, two external silver atoms bind to the
phosphonate ligands, forming motif 31, which is characterized by a
nonuple coordination to a single metal atom. The ligands adopt a
conformation,

semi-inserted,  semichelating simultaneously
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Scheme4 Coordination modes of phosphonates and monosubstituted
phosphates on the surface of metal nanoclusters.

stabilizing the central S@Ag,,S, core and chelating the outer-shell
sitver atoms. This demonstrates the ability of phosphonate ligands
to “capture” metal atoms, providing opportunities for constructing
structurally diverse coinage-metal nanoclusters.

In 2023, the same group reported another series of copper(I)
clusters protected by alkynes and various phosphonate and
monosubstituted phosphate ligands [69]. The phosphonate ligand

..................
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BuPO;H,, and the phosphate ligands PhOPO,H, (PhOPO; =
phenyl phosphate), 1-NaphOPO,H, (1-NaphOPO; = 1-naphthyl
phosphate) were used in this work. These clusters were obtained as
[Na(POs@Cuss(BuPO;)s(BuC=C)x]F = (Cus-1, Fig.  6(c)),
[Na(PO,)s@Cuss(PhOPO,;)s(BuC=C)x]F (Cus-2, Fig. 6(d)), and
[Na(PO,)s@Cus4(1-NaphOPO;),(BuC=C),,]JF (Cuss-3, Fig. 6(e)).
Among the three closely related structures, the ligands in Cusq-1
adopt only motif 3g, whereas in Cuss-2/3, an additional motif 3h is
also observed (Fig. 6(f)). Replacing the ‘BuPO;" ligands with
PhOPO;" and 1-NaphOPO;* ligands leads to the formation of
numerous strong intermolecular C-H-m interactions between
adjacent clusters, which may influence the ligand coordination
modes.

Overall, phosphorus-containing ligands—including
phosphinates, phosphonates, and phosphates—provide enhanced
steric flexibility and electron density owing to their longer P-O
bonds and higher anionic charge compared with carboxylates and
sulfonates. These features allow them to bind more metal atoms
and achieve higher coordination numbers.

24 Metal nanoclusters with phenolate-type ligands

Phenolates carry a single negative charge and possess an extended
aromatic system, which can enable strong interactions with metal
atoms. However, phenolates are formally monodentate O donors
and thus cannot effectively stabilize coinage-metal nanoclusters.
Alternative strategies include introducing additional binding
sites to create phenolate-like ligands or oligomerizing phenols or
phenolates into calixarenes. As the number of coordination
sites increases, the resulting coordination motifs become more
diverse and differ substantially from those observed for classical
carboxylates, sulfonates, phosphinates, and phosphonates
(Scheme 5).

Disubstituted cyanurate ligands, containing both oxygen and
multiple N donor sites, hold great potential as (co-)protecting
ligands for coinage-metal nanoclusters. Sun and coworkers
reported a nanocluster co-protected by diethylcyanurate and
phosphine ligands, [Ag,,(Cy-diEt)o(dppm)¢Cl][NTL,],Cl, (Agy,

Polyoxometalates, 2026, 5, 9140113
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Scheme 5 Coordination modes of disubstituted cyanurates (a), calixarenes (b), and pyridine N-oxides (c) on the surface of metal nanoclusters.

CyH-diEt = diethylcyanurate; dppm = Ph,PCH,PPh,, Fig 7(a))
[72]. During the synthesis of Agy, the triallyl cyanurates are
transformed into Cy-diEt, which coordinate to silver atoms on the
cluster surface. Featuring phenolate-like O-donor sites alongside
two neighboring N donors, Cy-diEt ligands adopt three distinct
coordination motifs: 4a, 4b, and 4c.

Recently, calixarenes have emerged as a new class of ligands for
the synthesis of coinage-metal nanoclusters. Structurally, calixarenes
are oligomers of phenols and are characterized by their large spatial
volume and conformational flexibility, which enable -effective
encapsulation and stabilization of the metal core. The characteristic
calix-shaped cavity not only provides this encapsulation but also
partially exposes certain metal atoms, creating confined reaction
microenvironments at the cluster surface. This structural feature
allows selective access of small molecules to the embedded metal
sites, laying the foundation for catalytic applications. Calixarenes

Polyoxometalates, 2026, 5, 9140113
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have been used in the synthesis of nanoclusters, particularly
H,BTCA [65, 73-80]. The first structurally characterized calixarene-
protected metal nanocluster was reported by Wang and Lin in 2016
[73]. The Ag;; cluster ([Agss(H,BTCA),(BTCA)(BuC=C) ] (SbFy)5)
is co-protected by BuC=C" and (H,BTCA)*" ligands, with its
structure shown in Fig. 7(b). In 2019, they constructed another Ag,,
cluster ([Ags(BTCA);(‘BuC=C),(CF;CO,),(CH;0H);]SbE,) with
the same ligands (Fig. 7(c)) [74]. The abovementioned Agy-2
cluster ([Ag,,(H,BTCA);(O,PPh,)¢](SbFs) is protected with
Ph,PO, and (H,BTCA)*" ligands (Fig. 7(d)) [65]. Two motifs of
calixarene ligands were observed in the structure of Agss, whereas
only one motif was found in Ags, and Ag,,-2, respectively. For
(H,BTCA)", it adopts motif 4d when n = 2 and motif 4e when n =
0 (Fig. 7(f). In comparison, the H,BTCA™ structure becomes
distorted owing to hydrogen-bonding interactions between the
proton-retaining hydroxyl group and an adjacent oxygen atom, as

(8) 27 wa | Sci@pen
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Figure7 Structure of Agy, (a), Agss (b), Ags, (), Agy-2 (d) and Agy,, (e); (f) coordinating motifs of H,BTCA* and BTCA*. Hydrogen atoms are omitted for clarity.
Color legend: C, gray; N, blue; O, red; F, yellowish green; P, purple; S, yellow; Ag, electric lime.

well as the lack of coordinating atoms within its cavity.

A special class of neutral ligands, pyridine N-oxide (pyO), which
features an O-donor site, has been used in the construction of metal
complexes. A pyO-coordinated 1D chain, Agy,,, with the formula
[(Ag,C,)o(AgCF;CO,)5(pyO)ssl,» was reported by Mak and
coworkers in 2006 (Fig. 7(e)) [81]. In this structure, O sites in pyO
connect two or three metal atoms in motifs 4f and 4g.

Ligands derived from phenolates provide versatile strategies for
stabilizing coinage-metal nanoclusters. By enabling multidentate
coordination, structural confinement, and tailored surface
environments, these ligands generate unique binding motifs,
encapsulate metal cores, and present active sites, thereby facilitating
applications in catalysis and molecular recognition.

25 Metal nanoclusters with other O-donor ligands

The family of O-donor ligands used for stabilizing metal
nanoclusters extends beyond the described organic anions or
molecules to include inorganic anions such as NO;™ [58, 82-85]
and ClO, (Scheme 6) [45, 86]. These anions primarily act as
counterions to balance the cluster charge but also possess weak
coordinating abilities. Although NO;™ and ClO, lack additional
functional groups, they can generate labile and unsaturated binding
sites on the surfaces of metal nanoclusters, potentially serving as
active centers for catalysis. Additionally, solvent molecules such as
methanol and ethanol can act as labile ligands, providing a similar
means to activate the cluster surface.

NO;™ anions in nanoclusters can adopt versatile structural motifs
on cluster surfaces by coordinating with 1-7 metal atoms. In 2014,
Gao and Zang reported a silver cluster ([AgsS;(SBu)g
(CF;C0O,)o(NO5)(CH;CN),](NOs), Agss) and a cluster-based metal-
organic layer ([Ags S;(SBu)¢(NOs)ql,, Agsy,) [82]. In Agg,,, eight
NOj;™ ions adopt motifs 5b, 5¢, 5f, and 5g, while the remaining
nitrate anion adopts a 5j motif, serving as a surface template.
Interestingly, upon cooling from 298 to 110 K, one oxygen atom of
this NO; shifts closer to an internal Ag; unit, concurrently
transitioning to coordination mode 5k, which involves six silver
atoms. A similar temperature-dependent behavior was observed in
Ag;;, where the surface-templating NO;~ changed from motif 5i
(coordinating with four silver atoms) at 298 K to motif 51
(coordinating with seven silver atoms) at 110 K (Fig. 8(a)). This
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temperature-induced change in coordination geometry provides
valuable insights into the design and construction of coinage-metal
nanoclusters. Other coordination modes, such as motifs 5a and 5h,
were observed in Ags,, reported by Zheng’s group in 2024 [85].

Similar to NO;, ClO, is a common anion in metal salts and can
be used in the construction of coinage-metal nanoclusters [45, 86].
In the CAugAg; cluster reported by Wang in 2022, ClO," ligands
were used to stabilize silver atoms with motif 5m (Fig. 8(b)) [45].
When CIO, coordinates with two metal atoms, two distinct motifs
were observed in Ag;; and Agy, clusters constructed by Orthaber in
2020 [86]. Motif 50 arises when only a single oxygen atom of ClO,
connects to two silver atoms, whereas motif 5n occurs when two
oxygen atoms each connect to one silver atom.

Alcohols are commonly used as solvents in the synthesis of metal
nanoclusters. Even without deprotonation, the oxygen atom in
alcohol molecules can coordinate to metal centers, and nanoclusters
with bound alcohol molecules are frequently observed. For
example, an Au(I)-Ag(I) cluster [Au,,Ag;,(C=CPh),(mdppz),
(CH;0H)s](BF)s (Aup,Agy,, mdppz = 2-(3-methylpyrazinyl)
diphenylphosphine) with eight coordinated MeOH molecules was
synthesized (Fig. 8(c)) [87]. In this cluster, the methanol molecules
bind to silver atoms without deprotonation. Similarly, in an Agy,
cluster reported by Liu and coworkers in 2022 [88], two methanol
molecules were observed forming hydrogen bonds with
neighboring CF;CO, and Ph,PO, ligands, thereby stabilizing the
cluster framework. These observations highlight the importance of
the hydrogen-bonding ability of O-donor ligands in shaping the
structure of metal nanoclusters and enhancing their stability.

Another relatively underexplored class of O-donor ligands is
acetylacetones. Acetylacetone itself lacks a conjugated system, but
upon deprotonation, it forms a continuous, conjugated organic
ligand with coordination ability, making it suitable for the
construction of coinage-metal clusters [89, 90]. In 2018, Lu and Xie
reported a series of silver clusters protected mainly by
hexafluoroacetylacetone (hfac) and BuC=C" ligand [90]. In
V,0,@Ag,,(BuC=C) ¢(hfac)s (Ag,,), hfac ligands effectively cap the
edges of the cluster by adopting motifs 59 and 5r, thereby
preventing the formation of polymeric structures (Fig. 8(d)).
However, acetylacetone ligands have not yet been widely used or
systematically explored in nanocluster synthesis.

Polyoxometalates, 2026, 5, 9140113
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Scheme 6 Coordination modes of NO;™ (a), ClO, (b), alcohols (c), and acetylacetones (d) on the surface of metal nanoclusters.

Recently, polyoxometalates (POMs) have been identified as
effective O-donor ligands for protecting coinage-metal nanoclusters
[91-97]. POMs are a large family of anionic metal-oxygen clusters
and exhibit high chemical stability compared to commonly used
organic ligands. As early as 2012, Mizuno and coworkers
synthesized a mixed-valence Ag, cluster [91]. The cluster is
protected with [SiW,0,], in which all oxygen atoms coordinate to
sitver atoms (Fig. 8(e)). In 2019, Suzuki et al. reported a mixed-
valence Ag,, cluster, [TBA (Me,NH,)sH;Ag,[Agy/(Si,W 5046)3]
(TBA = tetra-n-butylammonium, Fig. 8(f)) [92]. In this cluster, the
O atoms coordinate to 1, 2, or 3 silver atoms, and the cluster core is
built from four Ag octahedra. The use of POMs for constructing
coinage-metal nanoclusters is a promising yet challenging research
direction.

3 Properties modulated with O-donor ligands
The formation of metal-oxygen interface structures leads to a wide
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range of novel configurations. Furthermore, the characteristics of
specific O-donor ligands, combined with effects such as electron
transfer resulting from their coordination to the metal, further
influence the performance and properties of the clusters. Here, we
present an overview of the key features observed in clusters
stabilized by O-donor ligands (Fig. 9).

3.1 Catalysis

Metal nanoclusters have demonstrated considerable potential as
catalysts for various organic and inorganic reactions. O-donor
ligands, with their diverse geometries and coordination capabilities,
can stabilize nanoclusters with unique electronic structures, making
them particularly suitable for catalytic applications [56, 65, 91,
94-97]. In 2022, Wang’s group reported two Ag, clusters with a
similar metal core and investigated their catalytic activities in the
reduction of 4-nitrophenol (4-NP) [65]. They found that Agy-1,
possessing four free electrons and an incomplete shell
configuration, exhibited much higher catalytic activity than the 8-
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electron Ag,,-2. Although both clusters provide sufficient space for
4-NP adsorption, the closed-shell electronic structure of Ag,, is less
favorable for 4-NP adsorption. It is therefore possible that the
difference in catalytic performance between the two Ag, clusters
arises from their different adsorption strengths toward the
substrate.

L-/D-Au;Agg reported in 2023 was used in asymmetric Aldol
reactions  [56]. Experimental results demonstrated that
incorporating proline ligands into metal nanoclusters considerably
enhanced catalytic efficiency. Under identical conditions, the
turnover number (TON) per L-/D-Au,Agg cluster reached 72
within 5 h. Each cluster contains six pyrrolidine sites,
corresponding to a TON of 12 per catalytic site, which is
approximately three times higher than that of pure proline and six
times higher than a proline-Ag complex. The enhanced catalysis
arises from the synergistic interaction between the metal core and
proline, while the surface arrangement of proline on L-/D-Au,Agg
further improves substrate accessibility at the catalytic sites.

Furthermore, Yang and Lv reported a POM-protected silver
cluster catalyst for the CO, reduction reaction (CO,RR) [95]. In a
CO,-degassed reaction solution, the catalyst system composed of
[Ru(bpy);(TEOA)]  (bpy 2,2-bipyridine;,  TEOA
triethanolamine) and [Ag,(Si,W5O0¢)s] (Agy-Si) acted as an
efficient photocatalytic CO, photosensitizer. Upon irradiation,
triethanolamine was reduced to formic acid (HCO,H) as the
primary product (~ 23.3 umol), with CO and H, as minor
byproducts. The selectivity and TON for HCOOH production
reached approximately 90% and 467.4, respectively. This study
demonstrated that the POM-protected Ag,,-Si cluster exhibited
high selectivity for CO, reduction to formic acid, highlighting its
remarkable catalytic activity. Recently, they again constructed two
Agy, clusters ([Aga(Sb;Wp)]-1, Agis-1; [Aga(Sb;Wi),)-2, Agys-2)
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and used them to catalyze photocatalytic hydrogen evolution [97].
The synergistic interaction between the redox-active [SbyWs]
ligands and the silver active sites enabled both clusters to efficiently
catalyze hydrogen evolution, achieving TON values of ~ 24,117 and
22,233 after 6 h of photocatalysis. Notably, Ag -1 exhibited
superior stability compared to Ag;,-2 because some catalysts
partially decomposed to form POM-protected silver nanoparticles
during the reaction.

3.2 Circularly polarized luminescence (CPL)

Introducing chirality into luminescent coinage-metal nanoclusters
via chiral O-donor ligands is a highly effective strategy for
producing nanoclusters with CPL properties [57, 64, 67, 98]. Zang
and Dong assembled a series of materials using bridging ligands
and R-/S-Agy, clusters protected by a chiral acid ligand (R-/S-THF-
COOH) to achieve highly efficient CPL (Table 1) [98]. They
observed that these materials could rapidly transform from a single
CPL band at room temperature to well-separated dual CPL
emissions at low temperature. The CPL spectra mirrored the trend
of photoluminescence (PL), indicating effective chirality transfer
between the chiral ligands and the luminescent cluster core. The
luminescent dissymmetry factor (g,,,) of these nanoclusters reaches
values as low as 1 x 107, demonstrating notable CPL performance.
In 2025, Chen’s group used the phosphonate ligand BNDHP to
construct a silver cluster enantiomer (R-/S-Ag;) and a silver-copper
cluster enantiomer (R-/S-AgCu), and investigated their CPL and
circularly polarized electroluminescence properties [67]. Compared
with R-/S-Ag;, the incorporation of Cu(I) atoms not only increases
the luminescence quantum yield of R-/S-AgsCu by a factor of
three—by accelerating intersystem crossing and reverse intersystem
crossing processes—but also renders the alloy cluster structure
more rigid owing to stronger Ag-Cu interactions. In addition to
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Table 1 Comparison of CPL properties of other clusters with O donor ligands
protected nanoclusters

Compound PLQY Slum State Ref.
L-/D-CF351 _ 5x 107 Solid [57]
R-IS-Agy,, 50.3%  1.2x 107 Solution (CHCL,) [64]
91.8%/90.3% 7 x 10™* Solution (CH,Cl,)
R-/S-AgsCu [67]
11.8%/13.1% 1.1 x 10°* Solid
R-/S-Agy — 1x107° Solid [98]
8.2% 3x10° Solid
R-/S-Cu,y, [99]
1.6% 1x 107 Solution (DCM:hexane = 1:9)
R-/S-Ag,, 80%  12x10° Solid [100]
R-/S-AujAgs, 8.0% 6x 107 Solution (DMAc) [101]

considerably enhancing thermodynamic stability, the CPL
asymmetry factor of R-/S-AgsCu is doubled. Circularly polarized
organic light-emitting diodes (CP-OLEDs) based on R-/S-Ag,Cu
were fabricated via a solution process and exhibited efficient
circularly polarized electroluminescence, with a maximum external
quantum efficiency of 26.7%, an electroluminescence asymmetry
factor of 6 x 107, and chiral optical properties consistent with
those observed in photoluminescence.

3.3 Adsorption

Calixarene ligands, with their deep cavities, are promising materials
for molecular adsorption. In 2023, Sun’s group reported a silver
cluster, (CrO,),Cls@Ag,s(PTC4A)4(PrS),,(CH;CN), (Agse
PTC4A = p-phenylthiacalix[4]arene) and demonstrated its use in
dye adsorption [76]. Three representative organic dyes—methyl
orange (MO), methylene blue (MB), and rhodamine B
(RhB)—were tested under dark conditions at room temperature,
varying in charge and size. MB and RhB are cationic, while RhB is
larger, and MO is anionic and similar in size to MB. Remarkably,
only cationic dyes were adsorbed by Ag,, likely owing to
electrostatic interactions between the positively charged dyes and
the negatively charged inner walls of the thiacalix[4]arene-
coordinated cavity. This represents the first report of a metal
nanocluster showing exceptional selectivity for cationic dyes in
aqueous environments. The same group also constructed a Cu,
cluster ([Cuy,(Cbz-PrA),(BTCA),], Cbz-PrAH =9-(prop-2-yn-1-yl)-
9H-carbazole) and explored its iodine adsorption capabilities [77].
Owing to its permanent porosity, Cuy, achieved 97.2% iodine
removal within 60 min from aqueous solution, corresponding to a
total uptake of 2.96 gg”, outperforming most reported iodine
adsorbents. Moreover, the material exhibited notable recyclability
because I,@Cu,, could be regenerated by immersion in ethyl
acetate and reused for subsequent adsorption cycles.

3.4 Photothermal conversion

Ligands containing aromatic rings can strongly absorb light, while
silver cores, with their unique electronic properties and thermal
characteristics, are well-suited for converting light into heat.
Accordingly, a series of Agg clusters reported by Liu and coworkers
in 2023 was used to investigate photothermal conversion arising
from multiple n-disordered anthracene groups [50]. When exposed
to light, the temperature of the four clusters in this study rapidly
reaches its peak within 20 min, and four consecutive photothermal
cycles can be performed without any loss of activity, demonstrating
excellent stability and photothermal recyclability. The presence of
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multiple nt-disordered anthracene groups on the cluster surface,
along with free electrons within the [Agg]* core, enables efficient
intramolecular charge transfer, enhancing light absorption. This
promotes the ligand-to-metal charge transfer quenching and
subsequent photon emission, thereby optimizing photothermal
conversion. Remarkably, the photothermal conversion performance
of this series of nanoclusters exceeds that of all previously reported
silver-based photothermal materials.

In 2024, Sun and Wang reported two silver clusters,
Agy(BTCA)(TBPMT);  (Agwp  TBPMT =  d-tert-
butylbenzenemethanethiol) and Ag;Na,Cl,(BTCA),(TBPMT),,
(EtOH), (Agsy) [79]. This study evaluated the photothermal
conversion performance of Ags, and Ag;, in chloroform solutions
under laser irradiation at various wavelengths. Both clusters
exhibited considerable temperature increases at 450 and 660 nm.
Photothermal conversion efficiencies, calculated from cooling
curves, were 41.07% (450 nm) and 34.58% (660 nm) for Ags,, and
34.99% (450 nm) and 22.82% (660 nm) for Ag,, with all values
remaining stable over six experimental cycles. The stability of these
clusters is attributed to the solvent-controlled kernel formation
during the reduction process and the saturation coordination
pattern of fully deprotonated H,BTCA toward Ag atoms.

4 Conclusions

In summary, O-donor ligands have shown great promise in
stabilizing metal nanoclusters. Their negative charges and unique
geometries make them particularly effective for precisely tuning the
surface chemistry of nanoclusters. Such fine control over the
metal-ligand interface provides a strong foundation for designing
nanoclusters with enhanced performance in applications such as
catalysis and adsorption, by optimizing electron transfer, reactant
binding, and other key processes. As a result, the on-demand
synthesis of metal nanoclusters with tailored properties and diverse
applications becomes increasingly feasible. Looking ahead, several
directions for further exploration of O-donor protection in coinage-
metal nanoclusters could help advance this field:

(1) Carboxylate, sulfonate, phosphinate, and phosphonate
ligands are among the earliest and most widely used O-donor
ligands in coinage-metal nanocluster chemistry, yet they generally
exhibit relatively weak coordination strength. Moreover, phenolates
have not been successfully used in the assembly of metal clusters,
despite their aromatic frameworks being advantageous for
stabilizing metal complexes and clusters. Therefore, the key
challenge lies in enhancing the binding affinities of O-donor ligands
through rational tuning of the electronic effects of substituents on
these ligands.

(2) While ligands containing one or a few O-donor groups are
most common, ligands with multiple O-donor sites are attracting
increasing attention. For example, Liu et al. reported an Agg
nanocluster stabilized by the dicarboxylate ligand pfga in 2020 [41].
Another notable example is calixarene, a class of rigid macrocyclic
phenolate oligomers with tunable cavities and multiple
coordination sites, which allows accurate construction and
functionalization of metal nanoclusters. This highlights the
potential of carefully selecting and arranging the binding sites of
multidentate O-donor ligands. A higher density of coordination
sites considerably enhances their capacity to stabilize complex metal
cores. Rational design of such ligands provides a route to structural
innovation beyond classical archetypes and offers opportunities for
tailoring cluster properties.
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(3) POMs are promising stabilizing ligands for metal
nanoclusters owing to their structural diversity and intrinsic
properties. By carefully designing the spatial arrangement of donor
atoms in POM ligands, metal precursors can be guided to undergo
oriented nucleation and growth. This strategy enables the synthesis
of previously inaccessible, high-nuclearity architectures with unique
structures and properties, opening new opportunities for advanced
applications.

(4) Analysis of existing clusters indicates that functional groups
attached to O-donor ligands considerably influence cluster
structures, affecting features such as chiral centers, luminescence,
and polycyclic conjugated systems. Future research should focus on
exploiting the unique surface chemistry and enhanced stability
provided by these ligands. Such functionalization is expected to
increase the number of active sites, fine-tune surface hydrophilicity
and lipophilicity, and critically modulate molecular adsorption and
activation. These effects are likely to enhance key performance
metrics of metal nanoclusters across diverse applications, including
catalysis, photocatalysis, CPL, and adsorption-based separation
technologies.

Overall, the use of O-donor ligands to stabilize metal
nanoclusters has long been recognized. These ligands show great
potential for enabling novel structures and properties in coinage-
metal nanoclusters, yet their value remains underappreciated. We
hope this review will highlight the importance of O-donor ligands
in constructing metal-oxygen interfaces in nanoclusters. Continued
research in this area is likely to yield considerable advances in
structural control and functional tuning of metal nanoclusters. The
future of O-donor ligands as versatile passivating agents in cluster
chemistry appears exceptionally promising.
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