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Structural elucidation of atom-precise thiolate-protected copper nanoclusters (Cu NCs) containing Cu(0) is
quite challenging. Here, we report a new adamantane-thiol-protected NC, [CugH3(S-Adm)12(PPh3)4Clol
(Cusg), Which represents the first observation of a rare mononuclear Cu(0)-containing Cu;oH3Cl, core
that is constructed via kernel fusion through vertex sharing of the Platonic-solid- and Johnson-solid-
geometry-like kernels and hydride-bridging. The unique core is surrounded by a CugS;,P4 metal-ligand
motif shell and adopts a butterfly-like structure. In comparison to its closest structural analogue, the
predominant effect of the principal Cu atom vacancy-induced structural rearrangement is evidenced.
The occupied orbitals of this NC have a major d-orbital contribution to the distorted Cug octahedral
kernel, whereas unoccupied orbitals owe a contribution to the distorted Cus square-pyramidal kernel.
Thus, the charge transfer phenomenon is uniquely instigated between the two fused kernels through
Cu(d) — Cul(d) transition via the Cu(0) center. This NC exhibits violet emission due to kernel-dominated
relaxation at room temperature, which is further enhanced by confining the surface protecting ligands
through recognition-site-specific host—guest supramolecular adduct formation by B-cyclodextrin. The
unique electronic structure of this NC further facilitates its application toward photocurrent generation.
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DO 10.1039/d25c02544b Thus, this study offers a unique strategy for the controllable synthesis of a Cu(0)-containing Cu NC,

rsc.li/chemical-science which enables atomic-level insights into their optoelectronic properties.

Although there has been some success in the synthesis of
noble-metal NCs, the synthesis of NCs of other transition

Introduction

Atomically precise noble-metal nanoclusters (NCs) with ultra-
small size (<3 nm), especially gold and silver NCs, have attracted
tremendous research interest due to their fascinating
molecular-like properties in contrast to their nanoparticle
counterparts.’” The atomic-level structural information of such
types of materials from the single-crystal analysis began to
emerge just a decade before, which has further promoted their
rise.*® Since then, many mono- and bimetallic NCs have been
developed with a profound understanding of interfacial
connectivity between the metal and ligands, spatial arrange-
ment of the kernel, staple motifs, and geometric architecture,
which has been found to be significantly inaccessible for poly-
disperse nanoparticles.***>
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metals is still daunting. Among them, there have been reports
on the lightest congener and most-abundant group 11 element,
copper (Cu). Researchers are facing synthetic challenges in the
synthesis of Cu NCs with a metallic kernel containing Cu(0),
although this is a very common feature for Au- and Ag-based
NCs.>**"¢ Initially, the Liu group synthesized a few Cu(i)
hydride NCs that did not contain any metallic kernel."”* The
high reactivity of hydrides and vulnerability to oxidation by air
restricted the obtention of any stable metallic kernel. However,
a few recent reports in which Cu(0) kernels are present with
a large number of interstitial hydride ions are now available.**>*
Di Sun's group recently reported a hydride-free Cu,; NC with
a tetrahedral [Cuy]® kernel without any thiol-based protecting
ligands, which are commonly used for the synthesis of noble-
metal NCs.** The interaction of coinage metals with the thiol-
based protecting ligands is very important for stability, charge
transport properties, and photoluminescence behavior.>
Osman M. Bakr and co-workers have investigated this area
extensively and successfully synthesized various Cu NCs (such
as Cuys,® Cuge,® Cug,® Cug; (ref. 31)) co-protected with
different thiolate ligands (phenylethanethiol, tert-butyl thiol,
benzene thiol), among which only Cus; has partial Cu(0)
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character. There are other reports, such as those of Cus,,**
Pt,Cus, (ref. 33) (phenylethanethiol-protected) and Cu,s (2,4-
dichlorobenzenethiol-protected)** NCs, but in all cases, Cu is in
a +1 oxidation state. Interestingly, among all these thiolated Cu
NCs, only Cu;s NC shows detectable near-infrared photo-
luminescence (PL) behavior.?® Furthermore, Cu NCs with bulky
thiol ligands are underexplored even though it has been proved
that bulkiness is a beneficial factor for synthesizing high-
nuclear luminescent Au and Ag NCs.

To the best of our knowledge, only a handful of thiolate
ligands have been utilized to date to synthesize Cu
NCs. 128303134 Tn gddition, the smaller size of the Cu atom in
comparison with that of Au and Ag will influence the formation
vacancy-induced or distorted architecture NCs.**** However, the
crystal structures of such NCs with vacancies have not been
explored much. Thus, the lack of structural information for
thiolate-protected Cu NCs seriously confines our understanding
of their structure-property correlations and the search for their
cutting-edge applicability.

Herein, we synthesize an adamantane-thiol-co-protected
luminescent butterfly-like [Cu;gH;3(S-Adm),,(PPh;),Cl,] NC
with a mononuclear Cu(0) at the center. The crystal structure
reveals the core-shell configuration with a Cu;oH;Cl, core that
is stabilized by the CugS;,P, metal-ligand shell. The core is
uniquely constructed via kernel fusion of two different
geometric solids (octahedral kernel: Platonic solid; square-
pyramidal kernel: Johnson solid) with one vertex-sharing
Cu(0) atom and hydride bridging. We find that Cu;s NC
exhibits multiple point defects, which provide structural
stability by reconstructing the shell atoms. The computational
data confirms the core-to-core electronic transition phenom-
enon through the Cu(0) center. This NC exhibits violet emission
in the solution medium, which is strikingly enhanced by
restricting the intra-cluster motion through a host-guest self-
assembly approach of attaching B-cyclodextrin (B-CD) specifi-
cally on the thiolate ligand. The unprecedented electronic
structure due to the presence of the Cu(0) center further facili-
tates its application towards a sustainable photoresponse under
irradiation with a UV light source. Thus, the present study sheds
light on the synthesis, structural characterization, and utiliza-
tion of a Cu(0)-containing thiolate-protected Cu NC.

Results and discussion

[Cu;sH3(S-Adm);,(PPh;3),Cl,] (Cuyg NC) was synthesized using
a modified one-pot synthetic approach (see ESIT). Initially, the
precursor Cu(i) salt was treated with the auxiliary PPh; ligands
in a solution of acetonitrile/chloroform (v/v ~ 4 : 1), and then
bulky adamantanethiol was added to the mixture as the main
surface protecting ligand to stabilize the framework of the NC.
Finally, the reducing agent (NaBH,) was added, and the color of
the mixture changed from colorless to red (Scheme 1). After
completion of the reduction process, the red-colored precipitate
was centrifuged and kept for crystallization. Red-colored cubic
crystals were obtained from hexane/chloroform over 7 days at
room temperature with a yield of ~31% (based on Cu metal)
(Fig. S17). In general, synthesizing smaller NCs using the bulky
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Scheme 1 Synthetic route for the Cu;g NC.

thiolate groups is a challenging task, as the bulkiness of the
ligand provides a higher oxidation resistance to larger NCs.**%’
Here, we successfully achieved a smaller-core-size Cu NC
utilizing the bulky adamantanethiolate ligand, which will surely
shed light on synthesis procedures for controlled-size NCs.
Here, the bulkiness of the surface protecting ligands plays
a crucial role in the modified synthetic procedure to regulate the
formation of a unique structure. The sources of the hydride and
chloride ligands are NaBH, and CHCI;, respectively.

The single-crystal X-ray diffraction (SCXRD) data of a high-
quality cubic red-colored crystal revealed that it crystallizes in
a monoclinic crystal system with the space group P2,/c (Table
S1t). The crystal structure comprises 18 Cu atoms, 3 hydrides,
12 adamantanethiolate (~S-Adm) ligands, and 4 triphenyl-
phosphine (PPhj;) ligands, along with 2 chloride ligands, which
indicate a total chemical formula of [Cu;gH3(S-Adm);,(PPh;),-
Cl,), and it illustrates a butterfly-like architecture (Fig. 1). We
successfully confirmed the position and number of hydrides
using cautious SCXRD measurements.

The total structure of the Cu;s NC exhibits a core-shell
configuration with the Cu;oH3;Cl, core stabilized by the
CugS,P, metal-ligand shell. In the core, Cuy, adopts a new
geometry combining a distorted octahedral kernel and a dis-
torted square pyramidal kernel, fused vertically via one shared
Cu atom (Fig. 2a). Thus, the core is formed by the combination
of two different solid geometries, Platonic and Johnson
solids.*®** Such types of core geometry and the growth of the
core via kernel fusion through vertex sharing are observed

Fig. 1 Crystal structure of butterfly-like NC [CujgH3(S-Adm)io(-
PPh3)4Cl,]. Color legend: Cu, light and deep orange; S, yellow; P,
magenta; Cl, green; C, grey sticks; H, white; H atoms are partially
omitted.
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Fig. 2 Structural analysis of (a) the [CuigH3(S-Adm);»(PPh3)4Cla] NC
and (b) construction of the Cu;oH3Cl, core by kernel fusion of Platonic
and Johnson solid-like geometries followed by bridging with three
hydrides and attachment of two chlorides, (c) two CusSeP, metal-
ligand motif shells and (d) linking of two metal-ligand motif shells with
the core from the opposite sides resulting in the overall core-shell
structure. Color legend: Cu, light and deep orange; S, yellow; P,
magenta; Cl, green; H, white. All phenyl and adamantane groups are
omitted for clarity.

among the thiolated Cu nanoclusters for the first time, and are
vividly distinct from other common cores, i.e., icosahedron or
cuboctahedron cores.'***** The attachment of the Platonic
and Johnson solid is stabilized by two ps;-bridged hydrides
(Fig. 2b and S2t). However, one extra hydride is connected via
a ps-bridging mode to the Cu atoms of the Cug octahedron by
existing at the center of the Cug octahedron, and two chloride
atoms are attached by a p, bridging mode at the two opposite
positions of the square edges of the Cug octahedron, and cause
the shape of the octahedron to deviate from its ideal position
(Fig. 2b and S2t). The Cu-Cu distances of the core fall in the
range of 2.475-2.989 A, which is similar to those of the reported
copper NCs.***** Theoretical calculations also confirm the
distorted nature of Cu,,H;Cl, core structure with two different
sets of bond lengths for an octahedron (2.54-2.82 A) and square
pyramid (2.58-2.95 A) (Fig. S31).* The difference in the coor-
dination environment of the two hydrides is also evident from
the Cu-H bond lengths of 1.67-1.95 A for the ps-binding
hydrides and 1.73-2.05 A for the ps-binding hydrides, respec-
tively. The simulated "H NMR spectrum of the Cu;3 NC was
optimized using the gauge-including atomic orbital (GIAO)
method (Fig. S4t).*® Two distinct sets of resonances corre-
sponding to aromatic phenyl protons and adamantane methy-
lene protons are identified. The ps and p; hydrides also give rise
to two close peaks that are de-shielded with respect to the
methylene protons, which is in good agreement with the
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experimental '"H NMR spectrum of Cu;s NC. In the experi-
mental spectrum, two peaks are obtained at 2.016 and 2.08 ppm
corresponding to p; and ps hydrides, respectively (Fig. S5at).
The peaks in the region of 1.757-1.178 ppm correspond to the
protons of the adamantane moieties. Moreover, the peaks in the
aromatic region come from the protons of the phenyl rings. The
simulated spectrum is in qualitative agreement with the
experimental '"H NMR spectrum. Additionally, no peaks were
found in the hydride region of the "H NMR spectrum of the
deuteride analogue, Cu;gD NC, while all other peaks remained
unchanged, which clearly verifies that the source of the hydrides
is NaBH, (Fig. S5bt).

The outer metal-ligand shell is formed by two Cu,SeP,
metal-ligand motifs that are related to each other through a C,
axis of symmetry (Fig. 2c). Along with the metal-ligand motif,
the C, symmetry is retained throughout the overall structure.
However, this type of orientation is very rare in the case of Cu
NCs. These motifs are connected to the core via S atoms. Among
the twelve S atoms, four S atoms adopt a p; bridging mode with
the core, where two S atoms form bonding with two Cu atoms of
the motif and one Cu atom of the Cug octahedron, and the other
two S atoms are connected to two Cu atoms of the motif and one
Cu atom of the Cu; distorted square pyramid (Fig. S61). Another
four S atoms also exhibit a p; bridging mode with the core, but
here, two S atoms are coordinated with one Cu atom of the
motif and two Cu atoms of the Cug octahedron, and the other
two S are coordinated with one Cu atom of the motif and two Cu
atoms of the Cu; distorted square pyramid (Fig. S77). Interest-
ingly, another two p; S atoms are present, which make
connections among the Cug distorted octahedron, Cus distorted
square pyramid, and motif shell (Fig. S8at). Thus, the fused
kernels are also connected by these two bridging S atoms.
Additionally, there are two p, S atoms in the Cu,S¢P, metal-
ligand motifs (Fig. S8bt). Four P atoms are also attached to the
four Cu atoms of the metal-ligand motifs (Fig. S91). Thus,
attaching the metal-ligand motifs to the core from opposite
sides gives rise to the total structure of the [Cu,gH;(S-Adm);,(-
PPh;),Cl,] NC (Fig. 2d). The corresponding *'P NMR spectrum
also illustrates the similar electronic environment of the P
atoms (Fig. S101). However, no counter ions or solvent are
detected in the crystal structure, which indicates that the Cug
NC is neutral in charge. The inter-cluster hydrophobic interac-
tions via adamantane moieties organize each cluster unit into
a unique herringbone pattern inside the unit cell, which is
further extended to form the overall crystal packing (Fig. S117).

Cu;g NC can be considered a pseudo-isostructural equivalent
to the reported [Ag,3(SC,H,Ph);5(PPh;)s] because of its similar
architecture.”” The Ag,; NC adopts a cubic structure with
a twisted face-centered cubic (fcc) packing mode, which
generates the helical arrangement of the fcc kernel (Fig. 3a). The
fce kernel is composed of two octahedra formed by eleven Ag
atoms via a common Ag atom. However, in the case of Cu;3 NC,
one of the Cu atoms is missing from one vertex of one octahe-
dron, which results in the formation of a Cu,, core in which one
distorted octahedral kernel and one distorted square pyramidal
geometry-like kernel are fused through vertex sharing (Fig. 3a).
Additionally, in Ag,; NC, the eight corners of the cubic structure

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Metallic skeleton of the Ag,z NC, which is denoted here as M.z, and that of Cuig NC with five metal vacancy positions, which is similar to

that of Myg. (b) Metallic skeleton of perfect Mg with the positions at which reconstruction happened for Cu;g marked. (c) Rotation of the two Cu,

units in the metal-ligand motifs of Cuig NC, and (d) formation of Cu(l)-Cu

blue.

are occupied by eight Ag atoms as part of the fcc units, while in
Cuyg NC, only four Cu atoms are present at the four alternate
corners. This arrangement creates multiple point defects in the
structure, which triggered plausible reconstructions in the
remaining part of the structure.” Two Cu, units belonging to
the metal-ligand motifs of Cu;3 NC exhibit a rotation of 90° in
comparison to Ag,; NC (Fig. 3b and c). Therefore, the Cu atoms
of the Cu;g NC become unable to retain the fcc packing mode
that is adopted by Ag,; NC. Additionally, due to the presence of
the vacant position of one Cu atom at the core, the two adjacent
corner Cu atoms of the distorted square pyramid experience
skeletal distortion, which rearranges their position by lowering
the distance from the distorted square pyramid, which falls in
the range of cuprophilic interactions with an average Cu---Cu
distance of 2.8 A (Fig. 3d). Thus, compared to the Ag,; NC, the
overall Cu;g NC exhibits multiple point defects due to the
structural rearrangement caused by the principal (Cu atom)
vacancy defect.

To further confirm the composition and the charge state of
each fragment of the Cu;g NC, electrospray ionization mass
spectrometry (ESI-MS) was executed. The m/z range of 1900 to
6000 for the positive mode ESI-MS spectrum is depicted in
Fig. 4. The highest intensity peak at m/z ~ 2102.75 matches the
simulated isotopic patterns of [Cuyg(S-Adm);,(PPh;),H;]>"
exactly. The characteristic isotropic distribution with a peak
separation of m/z ~ 0.50 confirms the 2+ charge of the fragment
originating from the removal of two Cl™ ions from the parent
neutral cluster [Cu;gH;(S-Adm);,(PPh;),Cl,]. Along with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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predominant peak, some additional peaks appear in the posi-
tive mode ESI-MS spectrum, corresponding to the associated
fragments of 2+ charge, which are assigned in Fig. S12 and S13.7}
Additionally, the synthesized Cu,3D NC was characterized using
positive-mode ESI-MS and exhibited a dominant peak at m/z ~

[Cu13(S-Adm)12(PPh3)4H3]2’ .
— simulated
vz 210278 — experimental
3
: l l
>
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Fig. 4 Positive-mode ESI-MS spectrum of Cu;g NC over the m/z
range of 1900 to 6000. Inset shows the experimental and simulated
patterns of the peak corresponding to [Cuig(S-Adm);»(PPhs)4Hs]?*.
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2104.23  corresponding  to  [Cuyg(S-Adm);,(PPh;),Ds]*
(Fig. S147). This slight peak shift of 7/z ~ 1.48 from Cu,4 NC to
CuygD NC confirms their analogous structural architecture.
The thermal stability of the cluster was determined using the
thermogravimetric analysis experiment, in which its structural
integrity was retained up to 140 °C (Fig. S15%). A transmission
electron microscopic image confirmed that the size of this Cu;g
NC is ~1.4 nm (Fig. S16at), and a scanning electron microscope
micrograph of the crystal (Fig. S16b?) corroborated the cubic
shape. The corresponding energy dispersive X-ray analysis
illustrates the presence of all expected elements in this Cu;3 NC
(Fig. S171), which is further supported by the X-ray photoelec-
tron spectroscopy survey spectrum. The high-resolution
binding-energy spectra of each element are depicted in
Fig. S18,f and demonstrate their corresponding oxidation
states. Due to the comparable binding energies of Cu(i) and
Cu(0), no significant differences were detected in the binding
energy spectrum of Cu 2p. However, the Cu LMM auger spec-
trum contains a sharp peak at 916.4 eV accompanied by
a shoulder at 921.3 eV, confirming the presence of Cu(1) along
with Cu(0).** Further deconvolution of the Cu LMM Auger
kinetic energies resulted in peaks at 916.4 eV and 918.5 eV,
again justifying the presence of Cu(i) and Cu(0), respectively, in
the Cu;g NC (Fig. 5a).* In addition, the appearance of the
CuL3MM peak at 337.7 eV and CuL3M23M45 peak at 417.5 eV
in the survey spectrum also suggest the presence of both Cu(0)
and Cu(i) (Fig. S1871).*** The determined Auger parameter (c,)
of CuL3MM fits the expected value of 1849.1 eV, which signifies
the presence of predominantly Cu(i). The electrochemical

- () (b)

(916.40 eV)

cu’
(918.50 eV)

Counts (C/S)

\
g =1998

——————————
900 905 910 915 920 925 930 935 327 328 320 330 33

Kinetic energy (eV) Magnetic Field (mT)
(c)

Fig. 5 (a) Deconvoluted Cu LMM Auger spectrum of the Cu;g NC, (b)
EPR spectrum of the Cu;g NC, and (c) Bader charge analysis of the
optimized Cu;g NC. Color legend: Cu, orange; S, yellow; P, magenta;
Cl, green; H, white. For clarity, all phenyl and adamantane groups are
omitted.
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properties of this Cu;g NC were also analyzed using cyclic vol-
tammetry in dichloromethane solution at 25 °C. The obtained
irreversible cyclic voltammogram features two oxidation events
at E = 0.49 and 0.9 V (vs. Ag wire), which correspond to Cu(i) —
Cu(u) and Cu(0) — Cu(u), respectively (Fig. S19t). These
oxidation events with the stripping potential justify the pres-
ence of both Cu(1) and Cu(0) species in the Cu;3 NC.*® Based on
its unit formula and the ESI-MS data, this Cu,;g NC is neutral in
charge and contains seventeen anionic ligands. As eighteen Cu
atoms are present in the structure, the charge would not be
balanced if all Cu atoms were in the +1 state. Thus, one Cu atom
must be effectively at zero oxidation state. Further, the odd
number of free valence electrons (18-12 - 3-2 = 1e") of this NC
also suggests that its electronic structure possesses an unpaired
electron, which may originate from the Cu(0).*” To verify the
presence of the unpaired electron as well as that of Cu(0) in this
NC, electron paramagnetic resonance (EPR) spectroscopic
measurement was performed at 100 K using crystals dissolved
in chloroform. The sample shows an S = 3/2 axial signal pattern
with g, = 2.004 and g = 1.998 (Fig. 5b and S20%). As this NC
predominantly contains Cu(r), which is an EPR silent species,
and the XPS results exclude the presence of any Cu(u), the signal
originates exclusively from the unpaired electron of an isolated
Cu(0) atom.*** Further, to identify the exact location of the
Cu(0) in this NC, Bader charge analysis was performed on the
optimized structure, which revealed that the Cu atom shared
between the octahedron and square pyramid shows an oxida-
tion state close to zero with a charge of 0.08|e|, whereas the
remaining Cu atoms feature a higher positive charge, indicating
a preference for the Cu(i) oxidation state (Fig. 5c).** Moreover,
spin-polarized density functional theory calculations for the NC
resulted in a total magnetic moment of 1.99 uB, further sug-
gesting the presence of a Cu(0) oxidation state. Thus, it was
confirmed that this Cu;3 NC contains one isolated Cu(0)
species, which is very rare in comparison with the reported
analogous thiolated Cu NCs (Table S27). In addition, we also
carried out localized density of states (LDOS) analysis of
different types of Cu atoms in the cluster, which is shown in
Fig. S21.7 It can be seen that the central Cu atom within the core
features a more dispersed d band compared to the remaining
Cu atoms in the core as well as those in the shell, which can be
attributed to the different bonding environment (three hydride
bonding) and oxidation state of the central Cu atom. Therefore,
the central Cu(0) atom offers unique chemistry and contributes
significantly to the total electronic structure of the cluster.

To elucidate the photophysical properties of this newly
synthesized Cu,g NC crystal, its diffuse reflectance mode solid-
state UV-vis absorbance was measured. It exhibits a wide
absorbance band in the range of 300 to 800 nm at room
temperature with a characteristic energy gap of 1.93 eV
(Fig. S227). In chloroform solvent, a monotonic decrease in the
absorbance spectrum with two small shoulder peaks at 390 nm
and 450 nm is observed (Fig. 6a). Time-dependent density
functional theory (TD-DFT) calculations show three peaks at
289, 399, and 470 nm, which agree well with the experimental
scenario within the expected range of deviation, which can be
attributed to the ligand simplification employed in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) UV-vis spectrum of the Cu;g NC dissolved in chloroform, (b)
Kohn—-Sham molecular energy diagram with the corresponding tran-
sitions, and (c) associated frontier molecular orbital diagram. Color
legend: Cu, deep orange; S, yellow; P, magenta; Cl, green. All phenyl
and adamantane groups are presented in wire-frame.

theoretical calculations (Fig. S23f). Kohn-Sham molecular
orbital analysis reveals that these three peaks originate from the
HOMO-18 — LUMO+1, HOMO — LUMO+16, and HOMO —
LUMO+8 transitions, respectively (Fig. 6b). The occupied
orbitals have a major d-orbital contribution to the Cug octahe-
dron (Platonic solid part), whereas the unoccupied orbitals owe
a contribution to the Cus square pyramid (Johnson solid part) as
well as the non-bonding ligand states (Fig. 6c¢). Kohn-Sham
orbital analysis indicates that the optical transitions are more
Cu(d) — Cu(d) (octahedron to square pyramid) in nature with
comparatively less contribution of the sp states arising from the
elements S, P, and Cl. The presence of the isolated Cu(0) atom at
the center of the core maintains the charge separation between
the two kernels, which influences the unique electronic transi-
tion from the Platonic-solid-like kernel to the Johnson-solid-like
kernel. The separation of charge in the core further validates the
electronic effect of the one Cu atom vacancy of the core
(CuyH3Cl,). Owing to the Cu atom vacancy, the Johnson solid
part of the core experiences more electron deficiency compared
to the Platonic solid part of the core. Thus, the presence of
a shared Cu(0) center and the principal Cu atom vacancy-
induced distorted structural architecture facilitates the charge
transfer from the Cug octahedron to the Cus square pyramid.
Upon excitation at 350 nm in chloroform, this Cu;g NC
displays violet PL emission with an emission maximum of
420 nm (Fig. 7a). To date, the correlation of the PL emission
properties of thiolated Cu NCs with their structure has not been
properly explored. Size-dependence of fluorescence properties

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) PL spectra of the Cu;g NC before and after adduct formation
with B-CD. (b) 2-D contour plot of the PL intensity with the number of
B-CD molecules attached to the Cu;g NC. (c) Schematic representa-
tion of the host—guest interaction. (d) Positive-mode ESI-MS spectrum
of Cuig N B-CD;. The inset shows the experimental and simulated
patterns of the peak corresponding to [Cu;g(S-Adm)12(PPh3)4H3sl N B-
CD,%* which is shifted relative to the initial ESI-MS spectrum of the
pure Cuyg NC. Color legend: Cu, deep orange; S, yellow; P, magenta;
Cl, green. All phenyl and adamantane groups are presented in wire-
frame.

has been established earlier for Cu NCs, for which the transition
occurred from the occupied d bands to the Fermi level (sp
bands).>>*” However, many discrepancies limit this theory to
few (<10)-Cu-atom assemblies.”**® For larger assemblies, the
emission properties depend on many factors, which eventually
hinders a proper understanding. An assembly with a higher
number of Cu atoms, the [Cuy5(PPh;)s(PET);3]*" NC, shows NIR-
region PL emission upon excitation at 473 nm due to interband
electronic transitions.”® The reported Cu;4(CyB10H10S2)6(-
CH;CN)g NC also displays weakly structured broad red emission
after excitation at 400 nm due to the electron transition between
the s and p bands.** Thus, the obtained violet emission is quite
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unique when a higher number of Cu atoms are present in the
NC. Based on the TDDFT calculation, this violet emission is
mainly attributed to the kernel-dominated Cu(d) — Cu(d)
relaxation inside the core geometry through the Cu(0) center.
The measured emission lifetime is 0.26 ns at the emission
maximum, which is very low, due to the intraband relaxation
(Fig. S247). The relative PL quantum yield (QY) of this emission
was measured to be 0.32% using pyrene in chloroform as
a reference. Moreover, the PLQY of this NC is greatly improved
(relative QY ~1.2%) by rigidifying the surface through
recognition-site specific host-guest supramolecular adduct
formation (Cu;g NC N guest) (Fig. 7a and b). Due to the specific
size of the hydrophobic cavity, the guest B-CD molecule can
easily cap the host adamantane group of the NC, which restricts
the intramolecular motion of the cluster in solution, which is
responsible for the increased emission.®** However, in the
solid crystalline sample of the pure Cu,3 NC, the PL emission
intensity is not that pronounced, which indicates the superi-
ority of the molecular-level recognition site-specific adduct
formation in restricting the intramolecular motion of the NC
(Fig. S257). The solid-state PL maximum is slightly red-shifted
due to the presence of extended inter-cluster non-covalent
interactions. To verify the recognition site-specific host-guest
interaction between the adamantane moiety and the B-CD
molecule (schematically represented in Fig. 7c), an '"H NMR
study was performed, and more splitting is observed in the
adamantane region (Fig. S26). There is no clear change in the
UV-vis absorbance spectra of Cu;g NC after supramolecular
adduct formation with B-CD, which suggests the stability of the
cluster and eliminates the possibility of any ground-state over-
lap (Fig. S271). However, a pronounced emission band is
detected upon the same excitation with an emission lifetime of
0.97 ns. Thus, the supramolecular adduct clearly affects the
relaxation pathway. After calculating the radiative and non-
radiative relaxation rates, we determined that the suppression
of intramolecular motion is closely correlated with the non-
radiative relaxation pathway, as the radiative relaxation rates are
similar in value (1.23 x 107) (eqn (S1), (S2) and Table $S37). Thus,
the observed enhancement in the luminescence behavior is due
to the effective suppression of the nonradiative relaxation rate
(from 3.83 x 10° to 1.02 x 10°) after supramolecular adduct
formation. The temperature-dependent PL behavior confirms
that the attachment of B-CD on the cluster surface gives
a stronger resistance to heat, as the decay tendency of the
emission intensity at elevated temperature is much faster for
bare Cu;s NC compared to that of the Cu;gs NC-entrapped
supramolecular adducts of B-CD (Fig. S287). The redox peaks
also disappear in the cyclic voltammogram of Cu;g NC-
entrapped supramolecular adducts of B-CD, which demon-
strates that B-CD can block the fragile metal core and impedes
the oxidation process (Fig. S297).

The number of attached B-CD moieties was identified from
the ESI-MS data, in which the m/z value of the most intense peak
(2670) matches the simulated m/z value of ~2670.25, proving
that only one B-CD is attached on the surface of Cu;g NC and
resulting in an overall composition of Cu;g N B-CD, (Fig. 7d).
The adamantane groups connected to the two p, S atoms in the
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Cu,SeP, metal-ligand motifs are most available to form such
a supramolecular adduct with B-CD, as they are positioned
farthest from the sterically hindered core.®* However, the
accommodation of one B-CD on one of the facile adamantane
groups may further enhance the steric hindrance, which would
make it unfavorable for any other supramolecular adduct
formation.

Due to the quantum confinement effect, the discrete energy
level of the NC offers unprecedented opportunities to find
optoelectronic applicability.>»***® DFT calculations were
employed to scrutinize the electronic structure of the Cu,3 NC.
The projected density of states (PDOS) analysis reveals that the
valence band region of this NC is predominantly occupied by
Cu(d) states (Fig. 8a). The wide absorbance band of the Cu;3 NC
in the solid-state UV-vis spectrum corresponding to the associ-
ated non-covalent interaction, which covers both the UV and
visible regions, was utilized for photoresponse property deter-
mination.”*”®”* The visible difference in the plot of the I-V
characteristics (Fig. S307) of the material in the dark and in the
presence of a 350 nm laser (fixed with the absorption
maximum) clearly signifies the ability of this Cu;3 NC to
generate electron-hole pairs (EHPs) under illumination with
a UV light source. For further confirmation, the photoresponse
of this NC over time at a 10 V bias is described in Fig. 8b. When
the light is irradiated on the material, photo-generated charge
carriers are promptly generated from the surface of the material
and conducted through the underlying circuit to recombine,
and as a result, exponential growth is observed in photocurrent
generation with a maximum current of 1.8 nA. However, after
a certain time, the generation of the photocurrent becomes
saturated, and in the light-off state, a relatively slower decay
process occurs without any persistent charge accumulation. The
UV photoemission spectroscopy (UPS) reveals that the work
function of this material is ~4.87 eV based on the onset (~1.86
eV) and cut-off (~16.34 eV) points (Fig. S31t). Thus, the
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Fig. 8 (a) PDOS analysis of Cuyg NC. (b) Photoresponse properties of
the Cuig NC and (c) their reproducibility.
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photogenerated EHPs are produced due to irradiation with
higher-energy UV light sources and drift in opposite directions
under the built-in electric field of band bending. In the off state,
the recombination of the charge carriers slows down the decay
process. We used four successive cycles of photoresponse
switching in the transient measurements, which indicate the
sustainability of this material; however, during a prolonged
switching process (up to 20 cycles) a dip in the photocurrent
generation was observed. The bolometric effect could be
a possible reason for this type of dip in the photocurrent
generation due to reduced generation of EHPs by the thermally
heated samples with prolonged UV light irradiation.”>”® When
the device was cooled down and the photoresponse measure-
ment was conducted again, the response almost reached its
previous value; this was also reproduced for three successive
cycles in which the duration of each cycle was 60 min (Fig. 8c).

Conclusions

The synthesis of atomically precise Cu NCs is much more
challenging compared to Ag and Au NCs due to the low reduc-
tion potential and the high reactivity of Cu relative to Ag and Au.
Hence, the synthesis of Cu NCs containing zero-valent Cu atoms
in the core presents more complications. Here, a facile synthetic
route for the synthesis of a Cu(0)-containing neutral Cu NC has
been successfully demonstrated, in which a Cu(i) salt is strate-
gically reduced by the strong reducing agent NaBH,. A smaller-
sized metal-rich core is also tactically achieved using a bulky
thiolate surface protecting ligand. The X-ray crystal structure of
the as-synthesized NC reveals that it is formed by the combi-
nation of an unprecedented Cu(0)-containing Cu,,H;3Cl, core
and CugS;,P, metal-ligand shell, resulting in the formation of
a core-shell architecture. However, the overall structure has
multiple Cu atom vacancy defects. The unique Cu,,H;Cl, core
consists of two kernel architectures due to the principal Cu
atom vacancy with respect to the analogous Ag,; NC. However,
the two kernels are fused via sharing of a common Cu center
and hydride bridging. The existence of the Cu(0) at the center of
the core and the position of the hydrides were determined
successfully by corroborating both experimental and theoretical
investigations. Theoretical calculations suggest that the domi-
nant Cu(d) — Cu(d) transition between the Platonic-solid-like
kernel and Johnson-solid-like kernel via the Cu(0) center is
the main reason for the charge transfer, which is further justi-
fied by the vacancy-induced distorted structural architecture.
Uniquely, this Cu;g NC exhibits violet emission at room
temperature due to kernel-dominated relaxation through the
Cu(0) atom. A host-guest approach was further introduced to
enhance the luminescence property of this NC, which also
provides additional stability to the NC by protecting the fragile
defective metal core from hostile oxidation. The surface rigidity
of this NC is closely related to the non-radiative decay process,
and the optimum restriction is efficiently imposed by site-
specific supramolecular adduct formation. Furthermore, the
unique electronic structure of this material has been success-
fully utilized in photocurrent generation for a prolonged period.
Thus, the outcomes of this work will pave the way for the
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nanomaterial community to synthesize defect-induced Cu and
other active metal NCs to improve various physical and chem-
ical properties based on the M(0) character.
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