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Silver cluster-assembled materials (SCAMs) are emerging light-emitting materials with molecular-level
structural designability and unique photophysical properties. Nevertheless, the widespread application
scope of these materials is severely curtailed by their dissimilar structural architecture upon immersing in
different solvent media. In this work, we report the designed synthesis of two unprecedented (4.6)-con-
nected three-dimensional (3D) luminescent SCAMs, [Ag;5(S'Bu)(CFsCOO)g(TPEPE)g],, (denoted as TUS 1),
TPEPE = 1,1,2,2-tetrakis(4-(pyridin-4-ylethynyl)phenyl)etnene and [Ag;»(S'Bu)g(CF5COOQ)s(TPVPE)gl,,
(denoted as TUS 2), TPVPE = 1,1,2,2-tetrakis(4-((E)-2-(pyridin-4-yl)vinyl)phenyl)ethene, composed of an
Ags cluster core connected by quadridentate pyridine linkers. Attributed to their exceptional fluorescence
properties with absolute quantum yield (QY) up to 9.7% and excellent chemical stability in a wide range of
solvent polarity, a highly sensitive assay for detecting Fe®* in aqueous medium is developed with promis-
ing detection limits of 0.05 and 0.86 nM L™ for TUS 1 and TUS 2 respectively, comparable to the stan-
dard. Furthermore, the competency of these materials to detect Fe** in real water samples reveals their
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Introduction

In recent years, there has been growing interest in the use of
silver (Ag) nanoclusters (NCs) in various fields such as material
science, chemistry, and biology."™ Ag NCs are nanoscale par-
ticles of Ag, typically composed of tens to hundreds of atoms
ranging between 1 and 3 nm of cluster radius.>** One of the
key challenges in utilizing these nanomaterials is their stabi-
lity, as their properties can be highly sensitive to their environ-
ment.” However, recent advances in the fabrication and
manipulation of Ag NCs have led to the development of
cluster-assembled materials with enhanced stability and
unique properties."*™> These materials are typically composed
of a large number of Ag NC nodes that are connected through
organic ligands, which serve as linkers. Organic ligands are
commonly used as linkers in these materials because they can

“Department of Applied Chemistry, Faculty of Science, Tokyo University of Science,
Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan. E-mail: negishi@rs.tus.ac.jp
bCarbon Value Research Center, Research Institute for Science & Technology, Tokyo
University of Science, Tokyo 162-8601, Japan. E-mail: saikatdas@rs.tus.ac.jp
tElectronic supplementary information (ESI) available. CCDC 2256626 and
2256627. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d3nr01920a

{These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2023

potential application in environmental monitoring and assessment.

provide several advantages over other types of linkers.'* One of
the main advantages of organic ligands is their ability to form
strong and selective interactions with the surface of Ag NCs.
These interactions can lead to the formation of stable and
well-defined extended structures, which can be tailored to
exhibit specific properties and functionalities. Additionally,
the use of organic ligands allows for the incorporation of
diverse functional groups into the cluster-assembled materials,
which can further enhance their properties and enable new
applications. Organic ligands also offer a high degree of flexi-
bility in the design and synthesis of silver cluster-assembled
materials (SCAMs)."® They can be easily modified to control
the size, shape, and surface properties of the clusters, as well
as the distance and orientation between them. This level of
control can be crucial for optimizing the properties and per-
formance of these materials for specific applications.'®
Generally, these materials have shown promise in sensing
applications, where the small size and high surface area of the
clusters can enable highly sensitive detection of a variety of
analytes.">"”

Various SCAMs have been synthesized and their applica-
bility in various fields studied during recent years.'® The
majority of these structures have a common node comprised
of twelve Ag(1) atoms. The initial research in this area was con-
ducted by Mak and colleagues, who extensively studied the use
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of various functional linkers to connect Ag;, cluster nodes in
different dimensions and for different applications.?®?”*°
Subsequently, other research groups expanded this linking
approach, using different synthetic protocols to connect
different Ag NC nodes with various linkers.*'” The main
focus of cluster assembly research was to ensure stability;
however, the stability of the assembled materials has been
greatly compromised even after the massive research output,
which, in turn, negatively impacts their final application
scope.”>*>! The dissimilar structural architecture displayed
by most of these assembled materials when immersed in
different solvent media is likely due to the adverse effect of
solvent polarity, which can be a crucial factor affecting the
stability of the frameworks.

In view of the foregoing, we herein report the designed syn-
thesis of two new three-dimensional (3D) SCAMs,
[Ag1,(S'Bu)e(CF;COO)((TPEPE)g], (denoted as TUS 1) and
[Ag1(S'Bu)e(CF;CO0)6(TPVPE)y],, (denoted as TUS 2), that are
structurally rigid by varying the linkers. Despite the difference
in the linker structure, it does not affect the formation of Ag
cluster node during the reaction since the other constituents
remain similar. These materials exhibit excellent chemical
stability in a wide range of solvent polarity. However, due to
the structural change of the linkers, we observed a change in
their luminescence property at room temperature, which was
further utilized to assess their applicability. Both materials
exhibit remarkable sensing ability for Fe®" in aqueous
medium, with promising detection limits comparable to the
standard. Moreover, the ability of these materials to detect Fe**
in real water samples demonstrates their potential application
possibility.

Results and discussion

Both SCAMs were synthesized using the same facile reaction
method with only the linker molecules being altered. The reac-
tion commenced by combining [AgS‘Bu], and CF;COOAg in a
1:1 (v/v) acetonitrile/ethanol solution. Simultaneously, solu-
tions of linker molecules, 1,1,2,2-tetrakis(4-( pyridin-4-ylethy-
nyl)phenyl)ethene = TPEPE and 1,1,2,2-tetrakis(4-((E)-2-
(pyridin-4-yl)vinyl)phenyl)ethene = TPVPE, were prepared by
dissolving them in tetrahydrofuran and dichloromethane,
respectively. Then the solution of metal precursors was sub-
sequently added to the linker solution separately and left in
the dark for crystallization as depicted in Fig. 1. After a day,
yellow-colored crystals formed at the interface of the two liquid
layers. The single-crystal X-ray diffraction (SCXRD) analysis
revealed that both the crystals are crystalized in a similar trigo-
nal crystal system with a space group of R3¢ (No. 167). The
scanning electron microscope (SEM) and the optical micro-
scope images of these crystals confirm their 3D architecture
(Fig. 1 and Fig. S11). It has been evident from the images that
TUS 1 forms a rod-shaped morphology, whereas TUS 2 forms a
block-shaped morphology.
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Fig. 1 Schematic representation of the reaction and crystallization
process. The magnified view shows the SEM images (bottom left: TUS 1,
bottom right: TUS 2) of the crystals.

It is quite interesting to note that both the crystals contain
a similar Ag cluster node geometry. The twelve Ag atoms are
bound together in a hollow cuboctahedron geometry through
argentophilic interactions among Ag(i) atoms.*"*® Similar to
the Archimedean solids, the Ag;, cluster node has eight tri-
angular facets and six convex isosceles trapezoid facets. For
more depth analysis of structure anatomy, the Ag,, cluster
node can be divided into three planes with the middle hexag-
onal plane consisting of six Ag atoms sandwiched by the two
equilateral triangular planes (Fig. 2a). The Ag-Ag edge lengths
in the middle layer range from ~3.67 A to 3.74 A. So, the dis-
tances between adjacent Ag atoms in the hexagonal plane are
slightly higher than twice the van der Waals radius of an Ag
atom and hence these connections are denoted here as virtual
bonds via dotted lines. Although the Ag-Ag edge lengths of the
two equilateral triangular planes are uniform (3 A), the
spacing distances between Ag atoms in the middle layer are
uneven, resulting in Ag-Ag connections between the hexagonal
plane and equilateral triangular planes that range from
~3.02 A to 3.28 A. Nevertheless, both distances indicate
notable argentophilic interactions. Consequently, the connec-
tion between the two equatorial triangles and the middle layer
forms a total of fourteen facets and creates a hollow cubocta-
hedron geometry (Fig. 2b).

After verifying that the Ag cluster node geometry was
similar, we attempted to distinguish the dissimilarities in
other connections. Nonetheless, we discovered that in both
scenarios, six thiolate ligands were linked to the cluster node
in the same way, with each thiolate situated outwardly on the
isosceles trapezoidal facets of the cluster nodes. The bonding
connections between the S and Ag atoms are likewise compar-
able, with each S atom bonded to two neighboring Ag atoms in
the equilateral triangular plane and two neighboring Ag atoms
in the hexagonal plane, with Ag-S bond distances of 2.46 A

This journal is © The Royal Society of Chemistry 2023
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Fig. 2

(a) The formation of similar Agy» cluster node architecture for both TUS 1 and TUS 2. (b) Ag;, cluster node in a different orientation. (c)

Connection of six thiolates on the Ags, cluster node. (d) Connection of six CF3COO™ on the Ags, cluster node. (e) Connections of linkers on the Ag;,
cluster node through Ag—N connectivity. Color legend: Ag, pink; S, yellow; N, blue; O, red; F, green; C, grey stick; linker part and H atoms are

omitted.

and 2.52 A, respectively. The outward attachment of six thio-
late ligands on the Ag cluster node forms an octahedral geo-
metry. Each of the cluster node in both cases is further con-
nected to the six auxiliary CF;COO™ ligands linked with the Ag
atoms of the equilateral triangular planes through the O atom
in a monodentate fashion, where the average Ag-O bond dis-
tances is ~2.42 A. Notably, the hexagonal plane containing six
Ag atoms is connected with the six linkers via N atom with an
average Ag-N distances of 2.3 A. So, it is quite interesting to
see that although both the linker molecules have a distinct

(@

difference in structural architecture but the presence of these
linkers does not affect the formation of Ag cluster nodes and
their connectivity.

It has also been found that each linker is connected with
four Ag cluster nodes three-dimensionally with a fixed dis-
tance. As both the linkers are connected with four cluster
nodes (Fig. 3a and b) and each cluster node is linked with six
linkers, so the obtained framework structure was denoted as a
binodal (4.6)-connected 3D network. In both TUS 1 and TUS 2,
the 3D layers are stacked in ABA pattern. In case of TUS 1, the

(b)

Fig. 3 Connectivity of each linker through the cluster nodes in different plane for (a) TUS 1 and (b) TUS 2. Color legend: Ag, pink; N, blue C, grey

stick; H atoms are omitted.

This journal is © The Royal Society of Chemistry 2023
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cluster nodes are separated by 27.29 A which are linked
through one linker molecule, and between the layers cluster
nodes are separated with a distance of 17.89 A whereas the
interlayer distance is 5.99 A (Fig. S21). In case of TUS 2, the
cluster nodes are separated by 26.84 A which are linked
through one particular linker molecule, and between the layers
the cluster nodes are separated with a distance of 17.67 A
whereas the interlayer distance is 6.12 A (Fig. S31). As a whole,
these linkers formed two new three-dimensionally linked
SCAMs which are depicted in Fig. 4a and b (up to 2 layers of
stacking for clear visualization).

In order to obtain additional confirmation regarding the
composition of the synthesized SCAMs, we conducted X-ray
photoelectron spectroscopy (XPS) analysis. The XPS survey
spectra of each sample unequivocally indicate the existence of
Ag, S, O, N, F, and C atoms within these crystals (Fig. S47).
These findings are further supported by the elemental disper-
sive spectra obtained from both TUS 1 and TUS 2 samples
(Fig. S5%). Furthermore, the high-resolution binding energy
spectra of each element in both of these SCAMs provide con-
clusive proof of their specific oxidation states when integrated
into the structure (Fig. S6 and S771). In both scenarios, the
binding energy spectrum of Ag 3d reveals two peaks within the
range of 367.4 eV to 373.5 eV. These peaks, separated by 6 eV,
provide confirmation of the presence of silver solely in the +1-
oxidation state. The binding energy spectrum of S 2p was
examined in both cases, confirming the presence of sulfur in a
—1-oxidation state. Additionally, the binding energies of O 1s
validate the presence of Ag-O-C connections, while the associ-
ated binding energies of N 1s confirm the attachment of the
linkers. The purity of the obtained crystals was identified by
the matched powder X-ray diffraction (PXRD) patterns with the
simulated ones (Fig. S87). To assess the chemical stability, the

View Article Online
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crystals were immersed in solvent media with varying
polarities. A well-matched PXRD patterns of both crystals after
immersing in different solvent media suggests prospective
application scope of the SCAMs (Fig. 5a and b). The thermal
stability of the materials was confirmed by thermogravimetric
analysis (TGA). It was observed that both SCAMs contain
solvent molecules within their crystal lattice cavity, which
causes an initial weight loss up to 100 °C (Fig. 5¢ and d).
However, solubility remained a significant challenge despite
the excellent stability of these materials. To counteract the
issues, we dispersed both of them in water, where they showed
excellent stability. UV-Vis absorption spectra of dispersed
aqueous solution of both TUS 1 and TUS 2 exhibited a similar
monotonic decrease with no notable absorption peaks as illus-
trated in Fig. S9a.f This observation is consistent with the
solid-state absorbance spectra (Fig. S9bt). However, both
SCAMs in water medium demonstrated intense emission
intensities when excited at 350 nm, with TUS 1 displaying an
emission maximum at 530 nm and TUS 2 at 561 nm (Fig. 5e).
This difference in emission maximum can be attributed to the
structural difference in the linkers connecting the similar Ag,,
cluster nodes, even though both exhibited similar absorption
spectra. We also identified a variation in their absolute
quantum yield (QY) values, with TUS 1 exhibiting a QY of 3.1%
and TUS 2 of 9.7%. By utilizing time-correlated single-photon
counting (TCSPC), we measured the emission lifetime of both
SCAMs, which was fitted with bi-exponential factors (Fig. 5f
and Table S31). The calculated average lifetime of TUS 1 was
2.75 ns, while that of TUS 2 was 2.33 ns. The emission spectra
of the SCAMs in the solid state exhibit a red-shift, indicating
the mitigation of interactions between the SCAMs and solvent
molecules (Fig. S10t). Additionally, the stability of these
materials was reassessed by investigating their solid-state light

Fig. 4 3D assembly of (a) TUS 1 and (b) TUS 2, irrespective of the difference in linker architecture. Color legend: Ag cluster node, bright green for
TUS 1 and cyan for TUS 2; S, yellow; N, blue; O, red; F, green; C, grey stick; H atoms are omitted.
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Fig. 5 Chemical stability test of (a) TUS 1 and (b) TUS 2 through well-matched PXRD patterns. TGA traces of (c) TUS 1 and (d) TUS 2. (e) Emission of
TUS 1 and TUS 2 while excitation at 350 nm in water medium. (f) TCSPC lifetimes of TUS 1 and TUS 2.

emission properties (Fig. S117). Notably, we observed no altera-
tion in the emission characteristics of the SCAMs when
immersed in water or toluene, suggesting their robustness and
resilience to these solvents.

Due to their exceptional fluorescence characteristics and
ability to withstand water, we became intrigued by the poten-
tial of these newly synthesized SCAMs for detecting metal ions
in aqueous solutions. Our investigations revealed that Fe®"
effectively suppressed the photoluminescence (PL) emission
intensities of both SCAMs at room-temperature and pH ~7.1.
Furthermore, we observed a strong correlation between the
degree of quenching and the Fe*' concentration, suggesting
the possibility of developing a highly sensitive assay for detect-
ing Fe’*. Indeed, as the concentrations of Fe*" gradually
increased from 0.2 nM to 10 pM, the emission intensities of
TUS 1 and TUS 2 at the emission maxima decreased accord-
ingly (Fig. 6a and b). However, there is a slight difference in
the detection limit observed for TUS 2 which could not detect
the concentration below 1 nM concentration of Fe**
(Fig. S12%). To plot the relationship between the concen-
trations of Fe*" and the PL intensities of the two SCAMs, we
used I,/I as the y-axis and the concentrations of Fe** as the
x-axis, as shown in Fig. S13 and S14.1 The emission intensities
of TUS 1 and TUS 2 are linearly related to the concentrations
of Fe** in all ranges, as demonstrated by the calibration

This journal is © The Royal Society of Chemistry 2023

curves. To determine the limit of detection (LOD), we used the
well-established 36 method, where the LOD = 30/k, with o
being the standard deviation of the blank samples and k being
the slope of the linear calibration plot.*® Using the calibration
curves, we determined the LOD to be 0.05 nM L™* for TUS 1
and 0.86 nM L™ for TUS 2, which is well below the maximum
permissible concentration of Fe’” in drinking water (3.57 pmol
L") as required by the European Union.***°

After establishing the sensing assay, we conducted careful
experiments to investigate its selectivity. Since many ions often
coexist in industrial effluents, it is crucial for a metal-ion
sensing assay to be free from the interference of other ions.
Initially, we sought to find the detection limit of most com-
monly seen metal ions such as K*, Na*, Ni**, Cu**, La**, and
Cr’", but they could not be identified by either of the SCAMs
(Fig. 6¢c and d). After that, we studied the interference of these
metal ions and found no change in the detection limit of Fe**
in the presence of these interfering metal ions (Fig. 6e and f).
These results indicated that both SCAMs had excellent selecti-
vity towards Fe** and were free from interference from most
common metal ions. It has been observed that the UV-Vis
absorption spectra of TUS 1 and TUS 2 undergo a slight
change upon addition of Fe*" solution (Fig. S151). However,
this change does not completely alter the absorption spec-
trum, indicating the stability of both SCAMs after the addition

Nanoscale, 2023,15, 12227-12234 | 12231
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Fig. 6 (a) and (b) Fe** sensing ability of TUS 1 and TUS 2 respectively in aqueous medium (c) and (d) sensing ability of other metal ions by TUS 1 and
TUS 2 respectively in aqueous medium, (e) and (f) represent the effect in the detection of Fe** while of other metal ions are present together by

TUS 1 and TUS 2 respectively in aqueous medium.

of Fe’". The PXRD patterns of the samples also matched well
after the crystals are dipped in Fe*" solution, further supporting
the intact structural architecture of both SCAMs (Fig. S167). The
appearance of new peaks in the absorption spectrum is mainly
attributed to the adsorption of Fe*" ions (Fig. S15t). This indi-
cates the formation of some non-fluorescent complexes, which
may be ascribed to the static quenching mechanism. By per-
forming energy dispersive X-ray spectroscopy (EDS) measure-
ments on the separated SCAMs subsequent to the sensing
experiments, we have confirmed the existence of iron species
attached to the surface of both SCAMs (Fig. S177). To assess the
applicability of this sensing assay using the SCAMs, we tested
for the presence of Fe’" in tap water and river water samples,
both with and without spiking. The results from the recoveries
of the spiking samples using both SCAMs demonstrate the
potential of these materials for use in sensing assays (Tables S4
and S57). Thus, the recently produced SCAMs showcase not just
remarkable structural patterns but also demonstrate remarkable
detection potential for Fe’" in aqueous solutions. So, this
research introduces a promising avenue for designing new
SCAMs and utilizing them in the development of metal ion
sensors that can be beneficial under more realistic circum-
stances and broader applications in the future.

Conclusions

In conclusion, this study reported the successful synthesis of
two novel silver cluster-assembled materials by varying the
linkers, resulting in a common Ag;, cluster node. The
materials exhibit a three-dimensional layered architecture,

12232 | Nanoscale, 2023,15,12227-12234

resulting from equivalent linker connection to the node in a
comparable manner. Although the materials possess remark-
able stability, their solubility remains inadequate. However,
these materials demonstrate remarkable luminescence pro-
perties when dispersed in aqueous medium. This property is
further leveraged to efficiently detect Fe** in aqueous medium
through emission quenching. These findings hold potential
for the molecular-level design of new SCAMs and explore their
potential application with precise correlation of structure and

property.

Experimental
Synthesis of TUS 1

First, AgS'Bu (24 mg, 0.12 mmol) was dispersed under stirring
in 5 mL of acetonitrile/ethanol (1:1, v/v) solution in a glass
vial. CF;COOAg (24 mg, 0.11 mmol) was then added to the
solution and stirred until a clear solution 1 was obtained. In
another glass vial, TPEPE (14.7 mg, 0.02 mmol) was dissolved
in 5 mL of tetrahydrofuran to obtain a clear solution 2. 1.5 mL
of solution 2 was transferred into a Pyrex tube. After this,
1.5 mL of solution 1 was transferred into the tube. The tube
was left in the dark for crystallization for 1 day, following
which yellow-colored hexagonal rod-like crystals of TUS 1
(17.4 mg) were obtained at the interface of the two liquid
layers.

Synthesis of TUS 2

First, AgS‘Bu (24 mg, 0.12 mmol) was dispersed under stirring
in 5 mL of acetonitrile/ethanol (1:1, v/v) solution in a glass

This journal is © The Royal Society of Chemistry 2023
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vial. CF;COOAg (24 mg, 0.11 mmol) was then added to the
solution and stirred until a clear solution 1 was obtained. In
another glass vial, TPVPE (14.9 mg, 0.02 mmol) was dissolved
in 5 mL of dichloromethane to obtain a clear solution 2.
1.5 mL of solution 2 was transferred into a Pyrex tube. After
this, 1.5 mL of solution 1 was transferred into the tube. The
tube was left in the dark for crystallization for 1 day, following
which yellow-colored block-like crystals of TUS 2 (8.6 mg) were
obtained at the interface of the two liquid layers.
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