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This article explores the challenges in synthesizing highly sym-
metric Cu())—thiolate nanoclusters and reports a nested Keplerian
architecture of [CusgH0(SPr)s¢(PPh3)gl>* (Pr = CH,CH,CH;3). The
structure is made up of five concentric polyhedra of Cu() atoms,
which create enough space to accommodate five ligand shells all
within a range of 2 nm. This fascinating structural architecture is
also linked to the unique photoluminescence properties of the
nanoclusters.

The main polyhedra, or three-dimensional shapes with flat
polygonal faces, have fascinated people for centuries. The study
of polyhedra dates back to ancient civilizations who discovered
two classes of convex equilateral polyhedra containing 5 Pla-
tonic and 13 Archimedean solids, which intrigued them
with their symmetry and mathematical properties.'™ Later
on, Johannes Kepler discovered a third class, the rhombic
polyhedra.® Over time, the study of polyhedra has extended
beyond mathematics and has become an essential tool in a
variety of disciplines, including architecture, physics, biology,
and chemistry. In chemistry, polyhedral models have been used
to study the structure of molecules, a critical aspect for under-
standing their behavior and function, ie., correlating their
structures and properties. The study of molecular geometry is
essential to various branches of chemistry. Polyhedral models
allow researchers to visualize and analyze the structure of
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complex molecules, providing insights into their fascinating
geometric properties and wide range of applications.*™®

Since the discovery of buckminsterfullerene (Cg,), researchers
have been inspired to build a miniaturized form of polyhedral
symmetric structures/clusters.”'® Despite several attempts, the
family of such clusters still remains incomplete, and synthesizing
highly symmetric Cu nanoclusters (NCs) has proven to be
challenging."™"* Since the beginning of Cu NC research, various
Cu NCs have been reported."' Attempts have been made with
Cu-thiolate NCs to match the structural arrangement of Au and
Ag-thiolate NCs."" However, highly-symmetric Cu-thiolate NCs
remain unknown due to issues related to the variable oxidation
states of Cu atoms and its lower half-cell reduction potential than
both Au and Ag."*'* While some reports of such clusters exist in
the literature, concentrically nested architectures are still rare.">?
In this study, we report a nested Keplerian architecture of
[CussHa0(SPr)36(PPh3)s " (Pr = CH,CH,CHj) (Cusg) NCs under
these circumstances.

To synthesize Cusg NCs, 0.16 mmol of Cu(CH;CN),BF, was
first treated with 0.19 mmol of PPh; in an acetonitrile/chloro-
form (4 : 1) mixture at room-temperature. Next, HSPr was added
to the mixture, and a reducing agent (NaBH,) was dissolved in
methanol and added drop-wise by maintaining the solution
temperature at 5-10 °C, causing the solution to change from
colorless to deep red. After the reaction was completed, the
resulting dry red precipitate was dissolved in a chloroform/
hexane (V:V = 1:1) solution and left to crystallize under
ambient conditions for 10 days. Eventually, deep red-colored
box-shaped crystals were obtained and the color and shape
were confirmed by both optical and scanning electron micro-
scopy images of the crystals (Fig. S1, ESIt). The presence of the
ternary solvent medium during the reaction is crucial here,
which controls the reduction process and growth of the
crystals.>® While adding chloroform to the reaction mixture
was previously done to provide chloride ions for use as ligands,
in this case, there was no such dissociation involved.?® How-
ever, without chloroform, crystal isolation was not possible.
Through the drop-wise addition of the reducing agent at lower

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Crystal structure of a [Cusg(SPr)s¢(PPhs)sl>* NC. Color legend: Cu,
light green, blue and brown; S, yellow; P, violet; and C, grey stick; C-chain
part of Pr-thiolates, H atoms, associated solvents and anions are omitted.

temperatures, the reduction process was deliberately deceler-
ated, facilitating the growth of high-quality crystals. This
method distinguishes itself from the previously reported
methods."**°

The red-colored crystals were analyzed using single-crystal
X-ray diffraction data (SCXRD), which revealed that they belong
to the trigonal crystal system with a space group of R3
(Table S1, ESIt). The crystal structure is composed of fifty-
eight Cu atoms, thirty-six SPr, and eight PPh; units. Based on
the crystal structural analysis, the synthesized NC is
[Cusg(SPr)z6(PPh;)s], as depicted in Fig. 1. Fig. S2 (ESIT) displays
the thermal ellipsoid for each atom, and the structure as a
whole exhibits a 3-fold rotation axis, as depicted in Fig. S3
(ESIY).

Detailed structural analysis reveals that the cluster exhibits a
core-shell configuration. We differentiate the core from the
shell depending on their connectivity to the surface-protecting
ligands. We identified that eight Cu atoms form a cubic core
geometry where the average Cu—-Cu distance is 2.654 + 0.004 A
(Fig. 2a and Table S2, ESIt). The Cu-Cu distance is a little bit
longer than that of the metallic Cu, which differs to be
considered as a metallic bond." the strong

However,
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Fig. 2 Nested arrangement of Cu atoms inside the cluster: (a) Cug cubic
core, (b) Cug octahedron shell, (c) Cu,s rhombicuboctahedron shell, (d)
Cuy, cuboctahedron shell, (e) outermost Cug cubic shell and (f) formation
route of the Keplerian architecture through the arrangement of Cu atoms.
Color legend: Cu, light green, blue and brown.
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interaction between the Cu atoms at the core can be attributed
to the cuprophilic interaction, as this distance is much lower
than twice the van der Waals radius of Cu. Considering the
polyhedral architecture, the core geometry falls under the
Platonic solid with six faces and eight vertices configured as
4.4.4 and the point group symmetry of this core geometry is
octahedral. The core is further connected with the outer shell
by Cu-Cu interactions without any involvement of the thiolate
linkage (Fig. S4, ESIt). Furthermore, we consider the shell layer
based on the geometry of each layer and its distance from the
Cug cubic core. This consideration produces four Cu shells by
differentiating three middle layers and one outer layer. The
radius of each shell in the Cusg NC approximately increases
from 3.3 A to 7.3 A to encapsulate the geometry of the previous
shell. However, some of the Cu-Cu distances in these shells
exceed twice the van der Waals radius; so we treat those
interactions as virtual and represent them as dotted lines,
while the major interactions are represented as solid lines.
The first shell of the Cusg NC comprises six Cu atoms arranged
in an octahedral geometry through virtual connections where
each Cu atom is positioned by capping each facet of the Cug
cubic core (Fig. 2b and Fig. S4, ESIt). The average distance
between the Cug cubic core and Cug octahedral shell layer is
2.748 + 0.009 A. Regarding its polyhedral architecture, the
geometry of the first shell falls under a Platonic solid category
with eight triangular faces and six vertices arranged in a 3.3.3.3
configuration, displaying an octahedral point group. The sec-
ond shell in the middle layer of the Cusg NC comprises twenty-
four Cu atoms arranged in a rhombicuboctahedral geometry,
where both real and virtual bonds exist between the Cu atoms
(Fig. 2¢). It has been observed that four Cue units are virtually
connected diagonally to form this geometric structure. Further-
more, each Cug unit is constructed by capping each corner of
the Cug cubic core and maintains an average distance of
2.703 + 0.017 A to the first shell and an average distance of
2.771 4 0.030 A to the previous shell (Fig. S4, ESIf). The
architecture of this Cu,, shell resembles an Archimedean solid
with 26 faces (eight triangles and eighteen squares) and twenty-
four vertices arranged in a 3.4.4.4 configuration and exhibiting
an octahedral point group. The third shell and the final layer in
the middle of the Cusg NC are composed of twelve Cu atoms
arranged in a cuboctahedral geometry through virtual connec-
tions (Fig. 2d). The Cu atoms in this shell are placed at the
midpoints of the Cug cubic core edges (Fig. S4, ESIf). The
architecture of this Cu;, shell resembles that of another Archi-
medean solid, with fourteen faces, (eight triangles and six
squares) and twelve vertices arranged in a 3.4.3.4 configuration,
exhibiting an octahedral point group. The average separation
distance between the previous shell is 2.748 + 0.024 A. The
fourth shell, which is the outermost, comprises eight Cu atoms
arranged in a cubic geometry via virtual connections (Fig. 2e).
Each Cu atom is located diagonally to the Cug cubic core
(Fig. S4, ESIt). Similar to the core, the architecture of this
outermost Cug shell also exhibits a Platonic solid-like structure
with the same number of faces and vertices. The Cusg NC
consists of a platonic core and four shells, each displaying
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geometries from both platonic and Archimedean solids. Inter-
estingly, all of these geometries possess similar local octahedral
symmetry, which allows for easy alignment of the metallic
architecture inside the cluster through the global rotational
axis, accommodating the core and shells together without any
issues. Thus, it can be concluded that the metallic architecture
of Cusg NC comprises five concentric nested polyhedra, thanks
to the compatible symmetry of each polyhedron. John Conway,
a mathematician from the past, developed a model called
“Kepler’s Kosmos” which arranges the five Platonic solids in
a particular way.! However, aligning the Platonic and Archime-
dean solids on a nanoscale is a more complex task. Never-
theless, in this case, a comparable number of copper layers
(Cug core, Cug shell, Cu,, shell, Cuy, shell, and Cug shell) are
concentrically aligned, suggesting that the arrangement of
copper atoms is similar to that of Kepler’s Kosmos (Fig. 2f).
The layers were differentiated into middle and outer layers
based on their connectivity. The middle layers were found to be
connected to each other through Cu-Cu interactions and thiol
bridging. On the other hand, the outer layer was only connected
to the middle layers through thiol bridging, as shown in Fig. S5
(ESIT). However, we observed that many times, the Cu-Cu
distances in the shells were greater than twice the van der
Waals radius of Cu, indicating a lack of strong cuprophilic
interactions. This raised questions about the mechanism that
keeps Cu atoms in their positions. To investigate this issue, we
examined the presence of anionic groups in the preferred
positions, which appeared to play a role in keeping the Cu
atoms in their intact positions. Two anion shells were identi-
fied, which were formed by the surface-protecting thiolate
ligands. Both of these shells were positioned outward from
the metallic part and a virtual bonding between the two anions
was established using dotted lines. The small anionic shell
contained twelve thiolates (S;,) that protected the Cug cubic
core at the facets, forming an icosahedral geometry with twenty
faces and twelve vertices with an icosahedral point group
(Fig. 3a). Each thiolate ligand was connected through p,
bridging with n', n', 0%, n' connectivity to the middle layers
(Fig. S5, ESIt). We found that each of these thiolate ligands was
connected with the first and third shells with p; and p,
bridging mode, respectively, whereas the second shell was
linked by p, bridging mode, with the Cu-S bond length ranging
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Fig. 3 The arrangement of the ligand shells: (a) S;» icosahedron anionic
shell, (b) Sy4 truncated cubic shell, (c) Pg cubic shell, (d) Hg cubic shell and
(e) Hy, icosahedron shell. Color legend: S, yellow; P, violet; and H, white.
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from 2.263(4) to 2.441(5) A (Table $3, ESIt). The average inner-
sphere radius of this anionic shell was 4.0423 + 0.708 A. The
second and larger anionic shell had an average mid-sphere
radius of 6.5675 + 0.272 A and contained twenty-four thiolate
ligands protecting the Cug cubic core at the edges. The twenty-
four thiolate ligands (S,,) adopted a truncated cube-like Archi-
medean solid geometry with fourteen faces (eight triangles and
six octagons) and twenty-four vertices with an octahedral point
group (Fig. 3b). Each of the thiolate ligands in this shell was
connected through p; bridging with n', n', n' connectivity to
the Cu shells (Fig. S5, ESIT). We found that these connections
existed between Cu shell 2, shell 3, and shell 4, with Cu-S bond
lengths ranging from 2.223(4) to 2.385(4) A. In addition to this
anionic shell, eight PPh; ligands formed a cubic arrangement
of Pg by capping the terminal Cu atoms, with Cu-P bond
lengths ranging from 2.239(4) to 2.239(7) A (Fig. 3c).

In accordance with the crystallographic structure, there is
much more information left about this NC that remains to be
revealed. It is well known that Cu(1) is more resistant to
reduction than Au(r) or Ag(i). Consequently, when a Cu(i)
precursor is reduced with a hydride source - a common method
of synthesizing Ag and Au NCs - stable Cu(i) hydride clusters
are often formed. However, these hydrides are not detectable by
SCXRD. Hydrides in this study were confirmed using ESI-MS
measurements, where a peak at m/z 4253.65 aligned well with
the simulated pattern (Fig. 4a). The isotropic distribution in the
ESI-mass spectrum, with a peak separation of m/z = 0.5, con-
firmed the 2+ charge of the cluster unit. To determine the
origin of the hydrides, a CusgD NC was synthesized using

— Simulated spectrum of Cusg
— Experimental spectrum of Cusg
- Experimental spectrum of Cus; D

(a)

G T T T T T
4245 4250 4255 4260 4265 4270 N 00T ghs azs0 4255 4260 4265 4270
m/z miz
o ™~ P~ ~ o o
) 1 % 1 ; I o 1 ' 1
2000 3000 4000 5000 6000
m/z
10 12.0k
03
(b) wae| (C)
08+ -
e ~ 8.0k
S 064 o H
8 2 6.0k
] 2
£ 04+ o I ( &
350 400 450 500 550 c
2 = 40k
< a
0.2
2.0k
0.0 T T T T T 0.0 T T T T T
300 400 500 600 700 800 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Fig. 4 (a) ESI-mass spectrum in positive mode confirming the presence
of hydrides with the matching of the molecular peak and simulated one,
with the inset showing the difference in the molecular peak positions
between Cusg NC and CusgD, (b) UV-vis absorbance peak of Cusg NC
dissolved in CHClz medium and (c) corresponding emission peak upon
excitation at 405 nm.
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NaBD,, which resulted in a shift in the ESI-mass spectrum with
an increase of m/z value by 9.7, confirming that all hydrides
originate from the reducing agent during the synthesis of Cusg
NCs (Fig. 4a inset and Fig. S6, ESIt). Therefore, it is hypothe-
sized that the reduction of a Cu(i) salt in a mixed ligand
environment would lead to the formation of stable Cu(i) NCs.

To locate the 20 hydrides, we employed a machine-learning
approach and the most probable configuration was confirmed
by density functional theory (DFT) geometry optimization
(Fig. S7, S8 and Table S4, ESIf). All hydrides are bridged
between the core and middle layers, with eight of them con-
nected through a p, bridging mode at the eight vertices of the
Cug cubic core in an outward direction, while the remaining
twelve are connected through pi5 bridging mode at each edge of
the Cug cubic core in the outward direction (Fig. S9, ESIt). The
arrangement of eight hydrides (Hg) forms a cubic geometry,
while the arrangement of twelve hydrides (H;,) forms an
icosahedral geometry (Fig. 3d and e). So, the structure overall
comprises five Cu(1) polyhedral geometries and five ligand
geometries. Bader charge analysis confirmed the cationic nat-
ure of every Cu atom and the anionic nature of hydrogen atoms
(Table S5, ESIt). To identify the photo physical properties of
this Cusg NC, we dissolved it in chloroform and used steady-
state UV-vis absorbance and photoluminescence spectroscopic
measurements. The UV-vis absorbance showed a monotonic
decrease without any prominent peaks, indicating an electronic
transition from ligand to metal, which is well matched with the
previously reported Cu(r) NCs (Fig. 4b).>>*' The HOMO at
-1.5263 eV was found to be triply degenerate and composed
primarily of thiolate and hydride ligands and this is represen-
tative of other filled orbitals, while the LUMO at -0.0045 eV was
mainly constructed from the Cug cubic core (Fig. S10, ESIT).
Interestingly, Cu-thiolate NCs do not show luminescence at
room temperature when the number of Cu atoms exceeds
20.'71°22 However, we observed red emission with a maximum
intensity of 673 nm when exciting a chloroform solution of Cusg
NC at 405 nm (Fig. 4c) with a relative quantum yield of 0.38. It
has an average emission lifetime of 1.42 ps, as determined by
time-correlated single photon counting experiments (Fig. S11
and Table S6, ESIt). Thus, it is evident that highly symmetric
nested NCs not only possess fascinating structural architecture
but also demonstrate distinct photophysical properties in com-
parison to their counterparts.

In conclusion, we successfully synthesized a Cu(r) NC with a
highly symmetric structure consisting of five concentric nested
polyhedral architectures, protected by thiolate and phenyl
phosphonate ligands on its surface. Although the hydrides
were not detected by SCXRD, their presence was confirmed by
ESI-MS and their positions were determined by machine-
learning coupled with DFT. The ordered geometric arrange-
ment of each ligand and hydride also resembles the symmetric
arrangement of the Cu atoms, making this structure highly
organized. The step-by-step structural understanding of our

This journal is © The Royal Society of Chemistry 2023
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work may inspire researchers to synthesize other highly
symmetric metallic nanoclusters with required photophysical
properties.
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