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Self-Assembly of Silver Nanoclusters by Cooperative
Acetylene Bonding with Mutual Pyridyl Coordination

Tasuki Tsurumi, Takahiro Nakagawa, Takashi Kikuchi, Kiyohiro Adachi, Hironobu Hayashi,
Atsuro Takai, Takuma Kaneko, Tomoya Uruga, Daisuke Hashizume, Yosuke Nakamura,

Makoto Fujita, and Yuya Domoto*

The controlled supramolecular alignment of atomically precise
metal nanoclusters is a promising method to unlock unprece-
dented properties and advanced functions beyond those of
the individual monomeric nanoclusters. Conventional protocols
for the construction of such assemblies require the use of two
or more types of ligands for protecting and interconnecting
the nanoclusters, respectively. Herein, a strategy is demonstrated
for the hierarchical self-assembly of an alkyne-protected silver
nanocluster into a 3D network in the crystalline lattice based
on cooperative silver--acetylene coordination and silver--pyridyl
coordination by a bifunctional ligand with a simple design.

1. Introduction

Atomically precise coinage-metal nanoclusters (NCs) have
emerged as unique molecular materials whose properties and
functions can be tuned by the number of metals and their 3D
geometry, as well as the installation of protectants and functional
groups.'! In addition, the spatial alignment of NCs to enhance
their properties or obtain unprecedented functions has become a
hot topic within the past decade. The connection of the NCs
is usually achieved via noncovalent interactions, such as electro-
static interactions, hydrogen bonds, n-n stacking, and alkyl

The bent ligand L produces a Cl@Ag;4L;, monomer with a helical
conformation resembling that of organic tripodal ligands, which
assembles into a 3D network as evident from a single-crystal X-ray
diffraction analysis. The monomeric and network structures are
further characterized using grazing-incidence small-angle X-ray
scattering, atomic force microscopy, X-ray photoelectron spec-
troscopy, and X-ray absorption fine structure, in addition to pho-
toluminescence with a microsecond lifetime in the solid state,
exhibiting the success of the strategy toward the design of
self-assembled 3D supramolecular arrangements of atomically
precise metal nanoclusters using a single, simple ligand.

packing.**! Additionally, the use of appropriate templates can
also induce the regular assembly of NCs into hierarchical
superstructures.’®

In this context, metal coordination, particularly with nitrogen-
containing heterocyclic donors, is a relatively new approach?”
despite its numerous applications in the field of coordination
nanomaterials.®® Pradeep and co-workers have reported the
synthesis of an Ag,s dimer by utilizing a thiolate ligand equipped
with a bipyridyl moiety to form a Ru(ll) complex as a junction.”
Tsukuda and co-workers have designed an Au,; coaxially substi-
tuted with two alkynyl ligands bearing a terpyridyl group at
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each end, which forms linear complexes with 3d metal ions.”
NC-based metal-organic frameworks have also recently been
exploited to prepare 3D arrangements."” In these cases, the
protected NCs are bridged by additional bidentate pyridyl
ligands; this approach thus requires both a protecting ligand
and a ligand linkage (Figure 1a). Alternatively, direct extension

is a potentially promising approach for the facile construction of
networked NCs. Here, we demonstrate the hierarchical assembly
of silver NCs using a hetero-bidentate ligand with a pyridyl
group at one end and a terminal alkyne moiety at the other
(Figure 1d).

In addition to its use in the capping of NCs!*'" metal-

via the self-assembly of coordination polymers!''? (Figure 1b)  acetylene coordination is ubiquitous in organometallic
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Figure 1. a) Conventional methods of interconnecting NCs based on separate protective capping and networking steps. b) Self-assembly of coordination
polymers. ¢) Cooperative acetylene coordination to give polyhedral cages composed of M;L,-type subunits.®? d) Schematic representation of the
self-assembly of NCs via a ligand realizing cooperative coordination. The chemical structure of ligand 1+H is also shown.
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chemistry,"® and these relatively weak and loosely directed
interactions have also been applied to host-guest systems,®
structurally regulated foldamers,"”? and other exotic nanoarchi-
tectures.'"”®? We have recently developed an approach of
self-assembly based on cooperative acetylene coordination, i.e.,
acetylene n-coordination working in concert with coordination
by a pyridyl and/or oxygen donor at the same metal center
(Cu(l) or Ag(l)) (Figure 1c)."®'¥ Acetylene coordination was
revealed to be sufficiently flexible to realize the formation of a
class of large (up to 5 nm) polyhedral cages with highly entangled
structures''®> that exhibit unique properties such as cocrystalli-
zation in infinitely networked lattices,!"® precisely controlled
topological chirality,"®¥ and sequential interconversion upon
anion exchange."®* These findings inspired us to apply this
method to the construction of alkyne-protected NCs functional-
ized with pyridine coordinating groups, which can serve as
monomer units for 3D assemblies of NCs.

2. Results and Discussion

First, the simple bifunctional ligand 1+H, which has a terminal
acetylene moiety at one end and a 3-pyridyl group at the other,
was designed and prepared in a moderate total yield (for details,
see the Supporting Information). A curved skeleton composed of
a 1,3-disubstituted benzene ring and a 3-pyridyl moiety was cho-
sen rather than a linear motif, as we expected that this would
result in the generation of complexes with good single-crystal
molecular packing like that observed in our previous self-
assembly studies using tripodal ligands."® In fact, complexation
of the 4-pyridyl analogue with silver trifluoromethane sulfonate
(AgOTf) using the conditions described below failed to provide
any crystals. The ligand can also be fine-tuned, for example, by
introducing a small functional group (dimethylamino group in
the case of 2:H) in the central benzene ring (Figure S1,
Supporting Information).

When ligand 1+H was treated with AgOTf (1.0 eq., 5.0 mM) in
dichloromethane/EtsN (9:1), the initial generation of a silver ace-
tylide was confirmed by 'H NMR spectroscopy, which showed the
diminished signal for the terminal alkyne proton (Figure S2,
Supporting Information). A cloudy precipitate formed immedi-
ately upon complexation, and after incubation for 6 days at
5°C, slightly yellowish single crystals were obtained (Figure S3,
Supporting Information). Scanning electron microscopy measure-
ments revealed rhombohedral crystals with diameters of
10-20 um (Figure S4, Supporting Information). Notably, crystal
formation was not observed when the precipitate was filtered
out, indicating that the kinetic formation of the precipitate is
essential to nuclei formation under the applied conditions.

An X-ray diffraction analysis revealed the formation of the
complex Cl@Agi4(1):2, which crystallizes in the trigonal space
group R-3 (Figure 2a and Table S1, Supporting Information).””
The core structure is composed of two layers of silver atoms form-
ing an Age octagon (A) and an Agg cube (B), respectively, and
the structure encapsulates a chloride ion in its central cavity
(Figure 2b, S5 and S6, Supporting Information). The Ag--Ag dis-
tances between layers A and B are 291-3.10A, which is
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Figure 2. Single-crystal X-ray diffraction structure of the interconnected
Cl@Ag14(1)12 NC (OTf salt). a) Monomeric structure; ligands coordinating
to the neighboring clusters are shown in green, while free ligands are
depicted in pale red. Blue sticks on the Ag atom indicate coordination
by pyridyl groups of neighboring monomers. b) Detailed structure of the
Cl@Ag;4 core. ¢) Coordination modes of the silver-acetylene capping.

d) Helical configuration of the coordinating ligands as seen from the top
and bottom of the monomer, respectively.

consistent with those observed in a discrete Cl@Ag,4(C=CtBu);,
cluster previously reported by Mingos and co-workers.”' This
result indicates that the ligand arms of 1 do not perturb the core
structure. This type of chloride-templated NC formation has led to
further enlargement®? and shape modification of NCs.”* The
source of chloride in this study is unclear; however, examples
of the formation of discrete Cl-encapsulating Ag NCs via extrac-
tion of Cl from dichloromethane have been reported.?¥ Attempts
at crystallization in other solvents, such as toluene, failed in our
case. Additionally, active use of tetrabutylammonium chloride or
NaCl was unsuccessful, possibly because the counter cation
prevented the smooth single-crystal growth. Therefore, it is
assumed that in situ generation of the chloride ion is crucial
to obtain the networked structure. The coordination self-
assembly enabled the networked Cl@Ag;, clusters to be formed
via simple mixing of the metal ion and the organic bifunctional
ligand, unlike the discrete analogue, which often requires
preparation from an explosive precursor containing aggregated
silver acetylide.™

In terms of the acetylene capping, two slightly different
coordination environments were observed in the asymmetric unit
(Figure 2c). Site | involves s-coordination (Ag--C distance: 2.12 A
and two m-coordination interactions (Ag-C: 2.33-2.78A),
while site Il exhibits three oc-coordination bonds (Ag--C:
2.17-2.35A). A terminal 3-pyridyl group of the ligand at site |
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coordinates to a silver atom in the neighboring cluster, while that
of the ligand at site Il exists as a free pyridyl group in the packing.

In addition to the coordination modes on the surface of the
Agi4 rhombic dodecahedral core described above, the bent
shape of ligand 1 contributes to the helical tripodal configuration
of the terminal 3-pyridyl groups attached to the Ag., core
(Figure 2d), which resembles those of organic tripodal ligands
that have been adopted in the self-assembly of the topological
architectures."” The monomeric Cl@Agi4L;, would be not
optically active because the helical shapes of the upper and lower
tripodal arms cancel each other, as observed in the crystal struc-
ture. This conformation resulted in the formation of an infinite
lattice characterized by mutual coordination affording the align-
ment of the Ag,, cores with an intercluster distance of 1.7 nm
(Figure 3a). Six silver atoms of each Ag,, monomer core are coor-
dinated by six ligands; each of these six ligands coordinates to a
different neighboring monomer (Figure 2a and 3b). Along the
c-axis, the Cl@Ag;, clusters are in different positions in each of the
three layers, forming a rhombic corner in each layer (Figure 3c,d).
The contribution from n—x stacking (m--m: 2.9-3.5 R) between the
three types of ligands shown in Figure 3a is expected to be a
stabilizing factor of the 3D network in the crystalline state.
Consequently, this structure was preserved when the counter
anion was changed to SbF~, i.e, the crystals obtained when
the synthesis was repeated using AgSbFe rather than AgOTf

(@)

exhibited the same packing diagram (Figure S7, S8 and Table S1,
Supporting Information).

The uniformity of the NCs formed in dichloromethane was
confirmed via a grazing-incidence small-angle X-ray scattering
(SAXS) analysis of the evaporated powder sample on a mica sur-
face (Figure S9 and S10, Supporting Information). Three peaks
were observed at 20=5.9°, 6.7°, and 7.0° in the SAXS region,
which are roughly consistent with those that were simulated
based on the single-crystal structure. In contrast, no sharp signal
was observed for the sample obtained by mixing 1-H and AgOTf
in nitromethane in the presence of triethylamine, which lacked
specific molecular order upon evaporation.

Additionally, we used atomic-force microscopy (AFM) to
examine the dispersibility of the monomeric Cl@Ag14(1)1, species
outside the 3D networked lattice. Initial AFM image showed
severely aggregated forms on the mica surface, while spin-coated
samples treated with chloroform revealed relatively well-
dispersed objects with a height of ~1.6-1.8nm (Figure 4a,
S11, and S12, Supporting Information), which is consistent with
the estimated size of monomeric Cl@Agi4(1):2, implying its
stability. In contrast, all our attempts to observe the monomeric
species by electrospray-ionization mass spectroscopy resulted in
the detection of many fragmental peaks, including several assign-
able multiply charged ions (Figure S13, Supporting Information),
possibly due to the lability of the Ag,, core under the applied

Figure 3. Interconnected structure of CI@Agq4(1);,. @) Mutual coordination of the neighboring monomers via pyridyl groups. Focusing on the left monomer,
the coordinating ligands are depicted in green, while the coordinated ones derived from the adjacent monomer are shown in blue. Ligands with free
pyridyl groups are depicted in pale red. b) Schematic representation of the packing structure. Focusing on the central monomer, the coordinating ligands
are depicted in green, while the coordinated ones derived from adjacent monomers are shown in blue. c) Packing structure along the c-axis. The Cl@Ag,
cores in each of the three layers are depicted in blue, pink, and green, respectively. d) Packing structure along the b-axis.
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Figure 4. a) AFM image of CI@Ag,4(1):, on a mica substrate. A detailed size distribution is shown in Figure S12 and S13, Supporting Information. b) XPS
spectra of Cl@Agi4(1)1, in the Ag Auger region (left) and Ag 3d region (right). For the Auger region, measurements at two different positions on the
sample (Ag-1 and Ag-2; Figure S14, Supporting Information) are shown. c) XANES spectrum of a single crystal of CI@Agy4(1),,. For comparison, the spectra
of AgOTf (black solid line) and Ag foil (black dotted line) are also shown. The inset represents a photograph of the measured single crystal mounted on

the loop.

ionizing conditions in the absence of intercluster pyridyl
coordination.

To elucidate the electronic states of the Cl@Ag, cluster, X-ray
photoelectron spectroscopy (XPS) was conducted on a powdered
sample (Figure 4b and S14, Supporting Information). In the Ag 3d
region,®>%% two peaks were observed at 374.6 eV (Ag 3ds,,) and
368.5eV (Ag 3ds,,) and an Auger peak appeared at 355.2eV.
Considering that the calculated Auger parameter of 723.7 eV is
identical to that of AgNOs (723.8 eV) and significantly lower than
that of Ag® (726.5 eV),***’ we concluded that the silver centers
presumably adopt predominantly the Ag' state. Curve-fitting
analysis for the Ag 3d peaks mentioned above also supported
this result, although the peaks for Ag(l) and Ag(0) are in close
proximity to each other to be exactly determined. X-ray absorp-
tion spectroscopy measurements in the single-crystalline state
were also performed using the quick X-ray absorption fine strcu-
ture method®”?® to avoid severe irradiation damage to the crys-
tals, while the analysis with a shorter irradiation time gave almost
identical results (Figure S15, Supporting Information). The Ag
K-edge X-ray absorption near edge structure (XANES) spectrum

ChemistryEurope 2025, 3, €202500069 (5 of 8)

of Cl@Agi4(1);, indicated that the coordination environments
of the NC have a relatively similar character to that of the metal
Ag (Figure 4c), indicating the partial presence of Ag(0) depending
on conditions.

A solid fabricated by evaporating a solution of CI@Ag;4(1):
exhibited orange emission upon photoexcitation (Figure 5a,
inset). The UV-vis absorption spectrum of the solid is consistent
with that of the crystals (Figure S16, Supporting Information).
Photoluminescence spectroscopy in the solid state at 163K
exhibited an emission peak at 570nm upon excitation at
470nm, and variable-temperature measurements revealed
an increase of emission intensity as the temperature was
decreased from 303 to 163K (Figure 5a and S18, Supporting
Information).?*3% This tendency is reasonable, considering that
the Ag--Ag interactions in the cluster are dynamically affected
by temperature change.®**'3? The emission property was further
studied by lifetime measurements at 173 K, which showed decay
lifetimes of 1.8 us and 4.8 ns (1., = 560 nm; Figure 5b). Given that
the silver centers of Cl@Ag;4(1);, are primarily in the Ag(l) state,
which should be a closed shell system, the existence of the

© 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Figure 5. a) Variable-temperature photoluminescence spectra (ex =470 nm) of CI@Agq4(1): in the solid state. Inset is a photograph of the film under irra-
diation from UV light (365 nm). b) Emission-lifetime decay profile of CI@Agq4(1);, in the solid state (light-blue dots) at 173 K (Aex = 375 nm). The instrumental
response function (black dots) is also shown. The decay profile can be fitted using a multiexponential curve consisting of two components attributed to

Cl@Ag.4(1);, and scattered light.

microsecond component suggests the involvement of the triplet
excited state.l'%3" However, details of this assignment are
currently under further investigation.

Density functional theory calculations at the CAM-B3LYP/6-
31G(d) (for H, C, N, Cl) and LANL2DZ (for Ag) level were conducted
for monomeric Cl@Ag;4(1);, with or without six pyridyl groups
coordinating to the corresponding silver centers, as a model
for mutual coordination in the crystalline lattice (Figure S19,
Supporting Information). To simulate the charge distribution
on the cluster cores, we employed a natural population analysis
(NPA), which is relatively realistic and basis-set independent com-
pared to the Mulliken scheme.®® Notably, NPA indicated a
desymmetrized charge distribution on the Ag,, core (Figure 6),
and this tendency was enhanced for the pyridyl-coordinated
model mentioned above, i.e., the Ag atoms coordinated by neigh-
boring pyridyl groups are more positively charged than the other
Ag atoms, while no significant bias was observed for the free
monomer model (Figure S20 and S21, Supporting Information).
These results conceptually indicate that the formation of 3D net-
working paves the way toward obtaining novel properties and

Figure 6. Schematic illustrations showing the natural charge distribution of
a) Cl@Ag14(1)12 and b) Cl@Ag;4(1)12(pyridine)s. Ligands (except for represen-
tative depictions) are omitted for clarity, and the coordinating pyridine
models are depicted as Py. The more positively charged silver atoms are
shown in darker red.

ChemistryEurope 2025, 3, €202500069 (6 of 8)

functionalities in atomically precise metal NCs while maintaining
their typical characters such as photoluminescence mentioned
above.

3. Conclusion

In conclusion, we have successfully demonstrated the self-
assembly of a silver NC based on the mutual coordination of
acetylidic and pyridyl donors. The demonstrated strategy using
a simple bifunctional ligand can be expected to facilitate the
construction of NCs that are spatially aligned in a variety of
3D topologies by modifying the benzene ring motif in the ligand
scaffold, which is currently in progress in our laboratory. In addi-
tion, the development of stimuli-responsive functions applicable
to smart nanomaterials®¥ can be expected, taking advantage of
the dynamic properties provided by pyridyl coordination, which
are potentially responsive to external environmental factors.”

Supporting Information

The authors have cited additional references within the Supporting
Information,2>-4%!
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