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The controlled assembly of atomically defined metal nanoclusters (NCs) into extended frameworks rep-
resents a powerful approach to developing functional materials with tailored properties. However, achiev-
ing structural dimensionality (1D-3D) control while maintaining the integrity of a single cluster core
remains a significant challenge. Herein, we report the construction of a series of silver cluster-assembled
materials (SCAMs) using Ags, clusters and directional N-donor ligands of varying lengths. The resulting
architectures—1D  [Ags2(S'Bu)s(CFsCO0)6(Py,S)o(CH3CN),l, 2D [Agpa(S'Bu)(CF3COO0)s(bpm)sl, and 3D
[Ag15(S'BU)6(CFsCO0)s(tmdp)sl—feature preserved cuboctahedral Ag;» cores connected through direc-
tional Ag-N bonding. Single-crystal X-ray diffraction confirms structural fidelity across all dimensions.
These assemblies provide a rare platform to systematically explore the impact of dimensionality on func-
tion. Catalytic tests reveal that all three SCAMs efficiently catalyze the hydrogenation of nitroaromatics to
aminoaromatics, with the 1D SCAM exhibiting the highest activity. This work highlights a rational, ligand-
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directed strategy for creating dimensionally tunable, atomically precise cluster-based frameworks and
establishes a direct link between structural dimensionality and catalytic performance. Our findings offer a
blueprint for designing next-generation nanomaterials with customized architectures and functions for

rsc.li/nanoscale advanced catalytic and optoelectronic applications.

To overcome these challenges, atomically precise metal NCs
—small groups of metal atoms protected by organic ligands—

1 Introduction
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The colloidal synthesis and self-assembly of nanoparticles
have become central themes in nanoscience and materials
chemistry, enabling the creation of complex, functional nano-
materials from simple nanoscale units."” By mimicking
nature’s design principles—exemplified by the organized
structures of DNA and proteins—these assemblies not only
offer insights into the origin of life but also open up transfor-
mative opportunities in materials design, sensing, catalysis,
and electronics.” ' Among the diverse nanoparticle types,
metal nanoparticles, especially those composed of noble
metals, are particularly attractive due to their unique opto-
electronic and catalytic properties.">™'® However, their intrinsic
instability and size heterogeneity often hinder precision
control over structure-property relationships.
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have emerged as ideal building blocks. Typically, 1-3 nm in
diameter, these clusters exhibit well-defined geometries, quan-
tized electronic structures, and tunable surface chemistry."®™*
Importantly, the choice and arrangement of ligands not only
stabilize the metal core but also play a pivotal role in directing
self-assembly, modulating physicochemical properties, and tai-
loring interactions with the environment.>>”*® Among various
metal NCs, Ag NCs are particularly promising due to their
strong light-matter interactions, high surface reactivity, and
low-cost relative to gold.>’>* However, Ag NCs are also notor-
iously sensitive to oxidation and ligand exchange, making
them less stable and harder to work with.** A promising strat-
egy to address these limitations involves assembling discrete
Ag NCs into extended frameworks—known as SCAMs.>” These
architectures retain the atomically precise nature of the build-
ing blocks while enhancing stability, enabling new functions
via collective behavior and extended connectivity.>®™°

Despite the growing success in constructing SCAMs, con-
trolling the dimensionality (1D, 2D, 3D) of such frameworks
from a single type of Ag NCs while preserving its core integrity
remains a formidable challenge.*® Small changes in ligand
identity or assembly conditions often lead to core rearrange-
ments, decomposition, or entirely different cluster struc-
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tures.”” Previous reports have demonstrated dimensional
transformation from 0D to higher-dimensional architectures
using Ag NCs, but these transformations often compromise
core geometry and atomic composition.*>** As a result, direct
comparisons of structure-function relationships across dimen-
sionalities remain elusive.

In this work, we address this critical gap by designing a
series of directional N-donor ligands of varying lengths to
assemble a single Ag NC, Ag;,, into 1D, 2D, and 3D frameworks
—while retaining the atomic structure of the metallic core
across all architectures. The resulting SCAMs—[Ag;,(S‘Bu)g
(CF5COO0)6(Py,S),(CH3CN),] (denoted as 1D Agy»-Py,S; Py,S: 4,4
dipyridyl sulfide), [Ag;,(S"Bu)s(CF;COO)c(bpm);] (denoted as 2D
Agy,-bpm; bpm: 3,3"-bipyridine), and [Ag;,(SBu)s(CF;CO0)s
(tmdp);] (denoted as 3D Agy,-tmdp; tmdp: 4,4-trimethylene
dipyridine)—feature cuboctahedral Ag;, cluster nodes and are
connected via directional covalent bonding. Single-crystal X-ray
diffraction (SCXRD) confirms that the metal cores and ligand
shells remain intact, offering a unique platform for systemati-
cally studying the effect of dimensionality on material pro-
perties. Notably, all three SCAMs exhibit catalytic activity in the
hydrogenation of nitrophenol to aminophenol, with the 1D
Agy,-Py,S structure outperforming its higher-dimensional
counterparts. This enhanced activity is attributed to the higher
accessibility of catalytically active silver sites in the lower-dimen-
sional framework. These findings not only demonstrate the
feasibility of dimensionally tunable, atomically precise Ag
cluster frameworks but also underscore the crucial role of struc-
tural dimensionality in governing catalytic performance. This
work pioneers a rational design strategy for assembling identical
metal nanoclusters into tunable dimensional architectures,
opening new avenues in the development of precision nano-
materials for catalysis and beyond.

2 Results and discussion

During the assembly process, it remains difficult to design
structurally controllable atomically precise materials due to
the challenge of preserving the size, structure, and compo-
sition of the metal clusters.*’ ™ The key lies in selecting both
suitable cluster nodes and linkers that can guide the dimen-
sionality of the resulting architectures without disrupting the
cluster’s integrity. Given the high reactivity and structural flexi-
bility of Ag NCs, achieving predictable and controlled assembly
is particularly complex. To address this, we systematically
screened a variety of N-donor linkers with different carbon
chain lengths and binding motifs to find the right combi-
nation of coordination flexibility and structural directionality.
Through systematic investigation, we identified the Ag;, NC as
an ideal building block for dimensional control.** As shown in
Fig. 1a, the 12 silver atoms in the Ag;, NC adopt a cuboctahe-
dral geometry, which can be viewed as a hexagonal plane sand-
wiched between two triangular planes. Each square face of the
cuboctahedron is coordinated with a tert-butylthiolate ligand,
resulting in a total of six thiolate ligands on the NCs surface
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Fig. 1 (a) Side (left) and top (right) views of the Ag, building block. (b)
Schematic illustration of the synthesis of 1D, 2D and 3D Ag;, cluster-
based frameworks. Color legend: orange, Ag; yellow, S; red, O; green, F;
blue, N; gray, C. All hydrogen atoms are omitted for clarity.

(Fig. S1a). Additionally, each silver atom located on the top
and bottom triangular planes is capped by a trifluoroacetate
ion (Fig. S1b), contributing another six ligands. This coordi-
nation environment assigns all silver atoms a formal oxidation
state of +1. Importantly, the six equatorial silver atoms on the
hexagonal plane remain accessible for linker coordination,
enabling the programmable assembly of extended architec-
tures (Fig. 1a, blue lines). Through judicious selection of
N-donor bidentate linkers (Py,S, bpm, and tmdp), we success-
fully constructed dimensionally controlled SCAMs: 1D Agi,-
Py,S, 2D Ag,,-bpm, and 3D Ag,,-tmdp assemblies, respectively.
The intercluster distance and dimensionality are largely deter-
mined by the length and flexibility of the linkers. Linear and
rigid linkers, such as bpm, are generally favorable for the for-
mation of 2D assemblies, as their planar and linear geometry
promotes lateral extension within a plane. Compared with
linear bpm, Py,S is also essentially planar; however, it contains
a pronounced bending angle (~100°) at the C-S-C unit, which
is unfavorable for 2D propagation but instead promotes the
formation of 1D assemblies. In contrast to both bpm and Py,S,
tmdp exhibits greater conformational freedom owing to the
presence of a -C-C-C- spacer between the two pyridyl groups,
thereby preferentially promoting the construction of 3D
frameworks.

These architectures were synthesized via a versatile one-pot
approach by systematically varying both solvent systems and
bridging ligands (Fig. 1b). For the synthesis of 1D Ag;,-Py,S,
equimolar amounts of silver thiolate precursor (AgS‘Bu) and
silver trifluoroacetate (CF;COOAg) were added to a 1:1 (v/v)
solvent mixture of acetonitrile and ethanol (see SI for more

This journal is © The Royal Society of Chemistry 2026
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details). The Py,S linker was subsequently introduced, and the
reaction mixture was stirred for 1 hour before filtration. The
resulting filtrate was then allowed to evaporate slowly at room
temperature, yielding rod-shaped, colorless crystals (Fig. S2)
after one week. Following a similar protocol, 2D Ag;,-bpm was
synthesized using bpm as the linker in a mixed solvent system
of acetone and ethanol, resulting in plate-shaped crystals
(Fig. S3). For 3D Ag;,-tmdp, the reaction was carried out in
acetonitrile and ethanol with tmdp as the linker, affording
block-shaped crystals (Fig. S4). These results highlight how
linker selection and solvent conditions play a decisive role in
steering the dimensionality of SCAMs, while maintaining the
structural integrity of the Ag;, building block.

SCXRD analysis reveals that 1D Agy,-Py,S crystallizes in the
monoclinic C2/c space group (Table S1). Its Ag;, cluster build-
ing blocks retain a cuboctahedral structure (Fig. 2a). The Ag-
Ag bond lengths within the cuboctahedron range from 2.861
to 3.409 A, with an average of 3.141 A. Six thiolate ligands are
coordinated to the square face of the Ag;, cuboctahedron, with
Ag-S bond lengths ranging from 2.426 to 2.576 A and an
average of 2.504 A. Two of the six equatorial silver atoms in the
cuboctahedron are each coordinated by one acetonitrile mole-
cule, while the remaining four are bonded through their nitro-
gen atoms to one end of the bidentate Py,S linkers. The other
end of each linker connects to neighboring Ag;, units, result-
ing in the formation of a one-dimensional chain structure
(Fig. 2b). The Ag-N bond distances ranging from 2.297 to
2.314 A, with an average of 2.306 A. Six trifluoroacetate ligands
are coordinated to silver atoms, with Ag-O bond lengths
ranging from 2.362 to 2.532 A and an average value of 2.418 A.
Among them, two trifluoroacetate ligands adopt a bidentate
coordination mode with silver atoms located in the top and
bottom triangular planes, respectively, while the remaining
four trifluoroacetate ligands also coordinate in a bidentate
fashion, bridging one silver atom from the triangular planes
and another from the hexagonal plane connected by Py,S
ligands (Fig. S5). This coordination leads to a slight distortion
of the cuboctahedral geometry.

2D Ag;,-bpm crystallizes in the trigonal P3 space group
(Table S2). The structure of its Ag;, cluster building blocks

Fig. 2 (a) Side and top views of the Agj;, building block with four
pendent Py,S linkers in 1D Agj»-Py,S. (b) Structure of 1D Agj,-Py,S.
Color legend: orange, Ag; yellow, S; red, O; green, F; blue, N; gray, C. All
hydrogen atoms are omitted for clarity.
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(Fig. 3a) is similar to that of one-dimensional ones. The Ag-Ag
bond lengths of 2D Ag,,-bpm range from 3.004 to 3.199 A,
with an average of 3.069 A, which is slightly shorter than those
observed in 1D Ag;,-Py,S (3.141 A). The Ag-S bond lengths
range from 2.465 to 2.569 A, averaging 2.506 A. Interestingly,
in contrast to the bidentate coordination mode of trifluoroace-
tate ligands observed in 1D Ag»-Py,S, all six trifluoroacetate
ligands in 2D Ag;,-bpm are monodentately coordinated to
silver atoms located on the top and bottom triangular planes
(Fig. S6). The average Ag-O bond length in 2D Ag;,-bpm is
2.446 A, which is slightly longer than those observed in 1D
Agy,-Py,S (2.418 A). Furthermore, in 2D Ag;,-bpm, all six equa-
torial silver atoms on the hexagonal plane are coordinated by
bpm linkers. As shown in Fig. 3a, the six bpm linkers attached
to each Ag;, building blocks are individually connected to
neighboring Ag;, units. Owing to the linear geometry of the
bpm linker, the resulting assembly adopts a two-dimensional
structure (Fig. 3b).

3D Agy,-tmdp crystallizes in the trigonal R3¢ space group
(Table S3). Single-crystal structure analysis reveals that, similar
to 1D Agy,-Py,S and 2D Ag,,-bpm, the Ag;, cluster node in 3D
Ag,,-tmdp retains a cuboctahedral geometry, with six thiolate
ligands coordinated to the square face and six trifluoroacetate
ligands monodentately coordinated on silver atoms located on
the top and bottom triangular planes (Fig. 4a). The average
Ag-Ag, Ag-S, and Ag-O bond lengths in 3D Agj,-tmdp are
3.101, 2.508 and 2.419 A, respectively, closely resembling those
observed in 1D Agy,-Py,S (3.141, 2.504, and 2.418 f\] and 2D
Agro-bpm (3.069, 2.506 and 2.446 A). In addition, each Agi,

Fig. 3 (a) Side and top views of the Ag;, building block with six
pendent bpm linkers in 2D Agi»-bpm. (b) Structure of 2D Ag;,-bpm.
Color legend: orange, Ag; yellow, S; red, O; green, F; blue, N; gray, C. All
hydrogen atoms are omitted for clarity.
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Fig. 4 (a) Side and top views of the Ag;, building block with six

pendent tmdp linkers in 3D Agi-tmdp. (b) Structure of 3D Agi,-tmdp.
Color legend: orange, Ag; yellow, S; red, O; green, F; blue, N; gray, C. All
hydrogen atoms are omitted for clarity.

core is interconnected by six bidentate tmdp ligands, which
are arranged in a triangular planar pattern, forming an infi-
nitely extending 3D honeycomb framework structure (Fig. 4b).

To verify the purity of the cluster-assembled -crystals,
powder X-ray diffraction (PXRD) data were collected for the
powder samples. The PXRD patterns match well with the simu-
lated patterns from single-crystal data, confirming the high
purity of the crystals (Fig. S7-S9). As shown in Fig. S10, the UV-
vis absorption spectra of the solid powders 1D Ag;,-Py,S, 2D
Agi,-bpm and 3D Ag;,-tmdp exhibit a similar declining trend
without distinct absorption peaks. They all exhibit clear blue
emission at ~442 nm with excitation at ~292 nm at room
temperature (Fig. S11).

The three Ag,,-based SCAMs share the same Ag,, cluster as
the common building unit, while their dimensionalities are
systematically tuned to 1D, 2D, and 3D. This structural consist-
ency, combined with controlled dimensional variation, pro-
vides a suitable platform for investigating how dimensionality
influences catalytic performance. The catalytic hydrogenation
of nitroaromatics to aminoaromatics, a reaction of both chemi-
cal and environmental significance, was chosen as a represen-
tative transformation.*>*” Specifically, the reduction of 4-nitro-
phenol (4-NP) to 4-aminophenol (4-AP) using NaBH, served as
the model reaction (Fig. 5a), with progress monitored by time-
dependent UV-vis spectroscopy.*®>° Upon introducing NaBH,
into the 4-NP/SCAM mixture, the characteristic absorption
peak of 4-NP at 400 nm gradually diminished, while a new
peak at 300 nm corresponding to 4-AP emerged, confirming
catalytic activity in all three systems (Fig. S12). Notably, the 1D
Agi,-Py,S material exhibited the highest catalytic efficiency,
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Fig. 5 Catalytic properties of 1D Agi»-Py,S, 2D Agi>-bpm and 3D Agi»-
tmdp SCAMs. (a) The reduction of 4-NP to 4-AP in the presence of
SCAM catalyst. (b) Plot of In(C./Co) versus time for 1D-3D SCAMs.

achieving complete conversion (Fig. S12d) within just
11 minutes (rate constant k = 0.388 min~", Fig. 5b). In com-
parison, the 2D Ag;,-bpm and 3D Agj,-tmdp assemblies
required 60 and 80 minutes, respectively (rate constants k =
0.049 and 0.027 min~', Fig. 5b), to reach full conversion
(Fig. S12d). The PXRD patterns of SCAMs after catalysis are in
good agreement with those of the as-synthesized materials
(Fig. S13), indicating that the framework structures seem to be
preserved under the reaction conditions.

The reduction of 4-NP by NaBH, is a typical surface-cata-
lyzed reaction that follows a Langmuir-Hinshelwood mecha-
nism, which has been well established.’** In this process,
NaBH, serves as the hydrogen and electron donor, while the
metal catalyst provides surface active sites to mediate electron
and hydrogen transfer between BH,  and 4-NP. Specifically,
BH,™ is first activated on the Ag surface to generate reactive
surface hydrogen species. Meanwhile, 4-nitrophenol is
adsorbed onto the Ag surface in its phenolate form. The nitro
group is then stepwise reduced through nitroso and hydroxyl-
amine intermediates to finally form 4-aminophenol. In this
mechanism, the Ag;,-based SCAMs mainly function as hetero-
geneous catalysts by providing accessible Ag active sites and
facilitating interfacial electron/hydrogen transfer. Kinetic
studies show that the plots of In(C,/C,) versus reaction time
display good linearity (Fig. 5b), indicating that the reaction
follows first-order kinetics with respect to 4-NP under excess
NaBH, conditions. This kinetic behavior suggests that the con-
centration of BH,  remains effectively constant during the
reaction, and the overall reaction rate is mainly governed by
the reduction of adsorbed 4-NP.

Given that the three assembled materials are constructed
from the same Ag,, cluster as the common building unit, the
observed differences in catalytic activity can be reasonably cor-
related with variations in the surface accessibility of the Ag
atoms. Structural analysis (Fig. S14), together with the van der
Waals (vdW) surface area calculations (Table S4), demonstrates
that the 1D architecture possesses the highest fraction of
exposed Ag surface, followed by the 2D structure, while the 3D
framework exhibits the lowest accessibility. The relative percen-
tage of exposed Ag surface follows the order 1D > 2D > 3D,
which aligns with the experimentally observed catalytic activity
trend. This correlation suggests that a higher degree of Ag
surface exposure is beneficial for providing more available

This journal is © The Royal Society of Chemistry 2026
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active sites and facilitating interfacial electron and hydrogen
transfer during the reaction. It should be noted, however, that
surface accessibility is regarded as one of the contributing
factors, rather than the sole determinant, governing the cata-
lytic differences among the three SCAMs, as other factors such
as mass transport and microenvironment effects may also
play a role. These findings clearly demonstrate that cluster
dimensionality plays a certain role in modulating catalytic
properties by shaping the structural and physicochemical
environment of the active sites, offering a promising strategy
for the rational design of high-performance nanocluster-based
catalysts.

4 Conclusions

This work presents a strategic approach to linker design for
assembling identical Ag;, NCs into 1D, 2D, and 3D frame-
works, preserving the core intact across all architectures.
Through directional N-donor ligands of varying lengths, the
study achieves precise cluster assembly in all the dimensions,
forming Ag cluster assembled structures with covalently con-
nected cuboctahedral nodes. Single-crystal X-ray diffraction
confirms structural integrity, enabling direct inference of how
dimensionality influences function. Notably, the 1D Ag,-Py,S
framework demonstrates superior catalytic activity in the
hydrogenation of nitroaromatics to aminoaromatics, attributed
to rational catalysis in 1D assembly due to accessible active
sites. These findings highlight the critical role of framework
dimensionality in tuning material properties and mark a long
vision toward designing atomically precise nanomaterials.
This rational strategy paves the way for advanced applications
in catalysis and nanotechnology.
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