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Copper nanoclusters exhibit unique structural features and their molecular assembly results in diverse
photoluminescence properties. In this study, we present ligand-dependent multicolor luminescence
observed in a Cuy4 cluster, primarily protected by ortho-carborane-9,12-dithiol (o-CBDT), featuring
an octahedral Cug inner kernel enveloped by eight isolated copper atoms. The outer layer of the
metal kernel consists of six bidentate 0-CBDT ligands, in which carborane backbones are connected
through ps-sulphide linkages. The initially prepared Cuj4 cluster, solely protected by six o-CBDT
ligands, did not crystallize in its native form. However, in the presence of N,N-dimethylformamide
(DMF), the cluster crystallized along with six DMF molecules. Single-crystal X-ray diffraction (SCXRD)
revealed that the DMF molecules were directly coordinated to six of the eight capping Cu atoms,
while oxygen atoms were bound to the two remaining Cu apices in antipodal positions. Efficient
tailoring of the cluster surface with DMF shifted its luminescence from yellow to bright red.
Luminescence decay profiles showed fluorescence emission for these clusters, originating from the
singlet states. Additionally, we synthesized microcrystalline fibers with a one-dimensional assembly
of DMF-appended Cuy4 clusters and bidentate DPPE linkers. These fibers exhibited bright greenish-
yellow phosphorescence emission, originating from the triplet state, indicating the drastic surface
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energy levels and associated electronic transitions for these clusters. This work demonstrated
DOI: 10.1039/d4sc01566e dynamic tuning of the emissive excited states of copper nanoclusters through the efficient
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transformation reactions.'”” Small copper clusters (nuclearity
below 15) usually show strong visible luminescence, whereas
medium and large clusters (nuclearity greater than 15) exhibit
weak emission in the near-infrared (NIR) region and some of
them are non-emissive.”*** Such variability in emission prop-

Introduction

Atomically precise nanoclusters of transition metals, especially
copper, are an emerging class of quantum materials with
multicolor luminescence characteristics.' Based on their

structure-specific optical emission characteristics, these ultra-
small copper clusters have great potential in the areas of bio-
imaging,*® X-ray scintillation devices,*” molecular recogni-
tion,*® optoelectronic devices'®" and photo-assisted catalytic
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erties can be assigned to the size confinement effect, surface
defects, and structural isomerization, as well as to the contri-
bution of Cu d orbitals. For example, various notable reports of
ultrasmall copper clusters, i.e., Cuy,'® Cug,"” Cug,'® Cuyy," Cuyz *°
and Cuq,,>* emit light with high quantum yields. There is
a report of Cu;s NCs with weak NIR emission characteristics in
the crystalline state.” On the other hand, large copper clusters,
L.e., Cuyg,? Cuys,® Cuze,® Cusp,>® Cuss,> Cug; ?® and Cug,”
protected by various phosphine and thiol ligands are reported
to exhibit no emission at all. The structural investigation of
such clusters is essential to understand their excited state
electronic relaxation behavior. We note that the family of
copper clusters is less explored in comparison to gold and silver
analogues due to a number of factors including slow-reducing
nature, lower half-cell potential (0.52 V) of Cu'/Cu°, and
higher reactivity under ambient conditions.*® Sometimes,
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spontaneous self-aggregation of clusters results in amorphous,
insoluble aggregates with a lower tendency for crystallization.
As a result, the synthesis and crystallization of new copper
clusters with tunable optical properties represents an unex-
plored research area of atomically precise nanomaterials.

Surface ligands are essential not only for the structural stability
of the clusters but also for tuning their electronic properties.
Various ligands such as phosphines,* selenols, thiols,* car-
benes,** amidinates,* alkynyls** and mixed ligands*** have been
used for stabilizing different metal clusters. Solvent molecules and
secondary ligand-assisted modulation of the optical absorption
and emission features have also been observed in various metal
NCs.*** For example, the Ag,, nanocluster shows multifold
emission enhancement by the surface modification of diphos-
phine ligands and external solvent conjugated counter ions.*"*
Theoretical studies verified the surface-sensitive electronic nature
of metal clusters. In this regard, using bulky carborane-thiol
ligands with 3D aromaticity within their nearly icosahedral
molecular framework reduces the reactivity associated with the
metal core of the cluster and modulates its optical properties. A
handful of copper clusters, such as Cu,®™ Cuyy,* Cuye® and
Cu,,” stabilized with carborane thiols, have been synthesized and
their structure-specific luminescence properties have been re-
ported. However, secondary ligand-assisted luminescence tuning
is less known for carborane-thiol protected nanoclusters. As
a result, ligand-specific luminescence tailoring of carborane-thiol
protected copper clusters is a growing area of research with
exciting opportunities.

Cluster-assembled framework solids (CAFSs) are a new class
of materials in which, clusters act as nodes for the framework.
These materials are similar to well-known metal-organic
frameworks (MOFs).** Although there are several reports of
gold, silver, copper and their alloy clusters, only a few CAFS
materials have been synthesized to date.*””** Most of them are
composed of silver clusters as nodes with multidentate pyri-
dines, such as pyrazine,* 4,4'-bipyridine,* 4,4’-azopyridine,*
benzene-1,3,5-tricarboxylic =~ acid  tris-pyridin-4-ylamide,*
5,10,15,20-tetra(4-pyridyl)porphyrin,™  1,1,2,2-tetrakis(4-(pyr-
idin-4-yl)phenyl)-ethene,** etc., as linkers. The strongly coordi-
nating nitrogen atoms of the aromatic pyridine rings promote
coordination with open metal centers. Such framework solids
retain the functional properties of the metal clusters and exhibit
enhanced thermal, catalytic and optical stabilities compared to
the parent clusters. In the present work, we have introduced
a bidentate diphosphine molecule, which can be used as an
alternative linker for synthesizing framework solids of copper
clusters.

In this work, we have synthesized an ortho-carborane-9,12-
dithiol (0-CBDT)-protected Cuy, cluster using the ligand
exchange reaction. This cluster (abbreviated as Cuy,) was crys-
tallized with six DMF molecules (abbreviated as Cu;,~DMF).
High-resolution mass spectrometric analyses confirmed the
formation of clusters, bare as well as solvated with DMF. A
comparison of the Cuy, cluster with the respective DMF-
solvated cluster showed a significant change in optical emis-
sion properties. In the presence of DPPE as a linker, the red
emissive Cuy4,-DMF clusters grow into microcrystalline fibers
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(abbreviated as Cuy,-fiber) upon a one-dimensional framework
assembly of the cluster and linkers with bright yellowish-green
emission. The binding of the secondary ligands to the core-
shell type Cu,, cluster results either in clusters separated (zero-
dimensional) or linked into a fiber (one-dimensional frame-
work) with characteristic tunable emission properties. This
study showcases multiple optical emissive states of clusters that
are precisely altered by tuning the surface ligands.

Results and discussion

Synthesis of the Cu,, cluster and its surface tailoring using
DMFs

The Cuy, cluster was synthesized using the ligand exchange
reaction of the 0-CBDT ligand with the [Cu,g(DPPE)¢H;¢]
cluster, protected by DPPE and hydride ligands [DPPE = 1,2-
bis(diphenylphosphino)ethane]. The details of the synthesis are
shown in the Experimental section. At the end of an overnight
reaction, the Cu,, cluster was formed, resulting in a yellow-
colored solution. The UV-vis absorption spectrum of the Cuy,
cluster (measured in dichloromethane (DCM) solution) showed
no characteristic absorption peak. Instead, a broad absorption
band, slightly below 450 nm was observed (shown in Fig. 1b).
After dissolving the Cuy, cluster in a DCM:DMF (1:1 v/v)
mixture of solvents, two weak UV-vis absorption bands at 366
and 418 nm appeared. Similar absorption features were also
observed by dissolving the Cuy, cluster in DMF. Such variation
of the absorption features suggests DMF-assisted trans-
formation of these clusters at the molecular level. The molec-
ular composition of clusters before and after DMF addition was
analyzed using high-resolution electrospray ionization mass
spectrometry (HR-ESIMS). A Waters Synapt G2Si HDMS instru-
ment with a nano-ESI source coupled with a time-of-flight mass
analyzer was used for the measurement. The details of the MS
instrumentation and sample preparation are shown in the ESI.{
The positive ion mode ESI-MS spectrum of the Cu,, cluster
shows one major peak at m/z 2127.74 in the positive (1+) charge
state (Fig. 1c), which was assigned to the molecular composi-
tion, [Cuy4(S;C2B1oH10)s]'- The isotopic distribution of the
experimental spectrum matches well with the theoretical one
(shown as an inset of Fig. 1c). To gain additional insight,
tandem MS-MS fragmentation studies by varying the collision
energy (CE) of the selected molecular ion (at m/z 2127.74) were
performed (data are shown in Fig. S1}). Up to a CE of 70 eV, no
fragmentation of the selected molecular ion peak was observed.
Increasing the CE from 75 to 150 eV resulted in the appearance
of new fragmented peaks at m/z 2064.06, 1461.39, 1397.49,
1286.26, 1223.30, 1112.78 and 1048.98. These peaks were
assigned to [Cuy5(S;C2B10H10)s) " [Cu10(S2C2B10H10)a]’, [Cus(S,-
CZB10H10)4]+) [CulOS[S2C2B10H10)3]+, [CUQS(SzczBloHlo)ST,
[Cu10S2(S2C2B10H10)2]" and [CueS,(S,C2B1oH10)2] , Tespectively.
Systematic losses of fragments consisting of Cu accompanied by
mono- and dithiolate-carborane fragments further confirmed
the molecular composition of the Cu,, cluster. Systematic
fragmentation of surface ligands and metal-thiolate motifs by
applying CE was in agreement with our earlier studies of car-
borane thiol-protected silver and copper clusters.****%”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Schematic representation shows the attachment of DMF molecules to the outer shell of the as-synthesized Cuy4 cluster. Color code:

orange, copper; yellow, sulfur; green, boron; grey, carbon; red, oxygen; blue, nitrogen; white, hydrogen. (b) Comparative UV-vis absorption
spectra of both clusters. Positive ion-mode ESI-MS spectrum of (c) as-synthesized Cuy4 without any DMFs (cluster dissolved in DCM or
acetonitrile for MS studies) and (d) with five DMFs and three oxygens (after the addition of DMF to the solution). Inset shows exact matching of the
isotopic distribution of the experimental peak with the simulated pattern.

Additionally, we have investigated the mass spectrum of the
Cuy, cluster after adding a small amount (0.5-0.75 ml) of DMF.
The positive ion mode ESI-MS spectrum shows two prominent
peaks at m/z 2127.66 and 2540.9 in the positive (1+) charge state
(Fig. 1d). Along with the original [Cu;4(SyCyB1oH0)s]" (m/z
2127.66) peak, the appearance of the new peak at m/z 2540.9
indicates the binding of five DMFs and three oxygen with the
parent Cuy, cluster. The isotopic distribution of the experi-
mental spectrum matches well with the theoretically simulated
one (shown as an inset of Fig. 1d).

The collision energy dependent MS-MS fragmentation (at
a CE of 15 eV) of the selected peak at m/z 2540.9 (Fig. S27)
shows the appearance of a new peak at m/z 2127.32 and this
mass loss of 413.24 units corresponds to the loss of all five
molecules of DMFs and three oxygen atoms from the cluster.
Along with this primary peak, another secondary overlapped
peak (at m/z 2143.26) appeared at a CE of 60 eV, manifesting
the formation of [Cuy4(S,C,B10H10)s0]" species. Three minor
peaks (appeared at the increased CE of 100 eV) at m/z 1921.16,
1857.36 and 1461.43 match well with the species of [Cuy4(-
SZCZB10H10)5]+7 [Cu13(82C2B10H10)5]+ and [Cuy(S,C3Bq0-
Hio)s]', respectively. These three peaks indicate the

© 2024 The Author(s). Published by the Royal Society of Chemistry

fragmentation of kernel metal atoms and surface bound o-
CBDT ligands. Altogether, mass spectrometric studies veri-
fied the formation of DMF and oxygen bound clusters from
the parent Cuy, cluster.

Structure of the Cu,,~DMF cluster

The as-prepared Cu,4 cluster did not crystallize from its DCM
solution. However, it formed yellow cube-like crystals at room
temperature (25 °C) from a DCM : DMF (1: 1, v/v) mixture. The
optical microscopy images of these cuboidal crystals are shown
in Fig. S3.] The surface topography of the same crystals under
different magnifications (by FESEM studies) is shown in
Fig. S4.] Single crystal X-ray diffraction of a suitable crystal
revealed that the nanocluster crystallized in a trigonal crystal
system with the space group of R3:H. Crystallographic data are
summarized in more detail in Tables S1-S4.} The total molec-
ular structure of the cluster, including six 0-CBDT, two oxygen
and six DMF, is shown in Fig. 2b and d. Although the as-
prepared cluster did not have any DMFs, the addition of this
solvent enhanced the crystallization tendency of the clusters by
facilitating short contact interactions. The EDS elemental
spectrum showed 6.34 atomic% of nitrogen and also proved the

Chem. Sci., 2024, 15, 13741-13752 | 13743
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Fig. 2

(a and c) Structural anatomy of the Cu;4—DMF cluster with an octahedral Cug inner kernel encapsulated by eight Cu atoms resulting in

a Cug@Cug octacapped-octahedral core—shell geometry. Copper sulphide (Cui4S:5) framework structure, viewed from two different orienta-
tions. (b and d) The full molecular structure of the Cuy4 nanocluster with six primary ortho-carborane-9,12-dithiol ligands and secondary DMF
molecules. Supramolecular packing of the same nanocluster viewed along (e). (b and f) ¢ crystallographic orientations. Color code: orange and
crimson red = copper, yellow = sulfur, magenta = oxygen, green = boron, grey = carbon, blue = nitrogen, and white = hydrogen.

presence of nitrogen in the crystal (shown in Fig. S5). It is
noteworthy that no counter ions were detected in the unit cell of
this cationic cluster. This absence is attributed to the lack of
intense diffraction peaks at higher angles for these crystals.
However, the negative ion mode ESI-MS spectrum of dissolved
single crystals revealed an intense peak at m/z 126.9, indicating
that iodide serves as a counter ion for the cluster (see Fig. S61).
The powder X-ray diffraction (PXRD) spectrum of Cu;,~DMF
showed good agreement with the simulated spectrum obtained
from SCXRD data, indicating the phase purity of the sample (see
Fig. S7}{). The primary diffraction peaks are centered at 20
values of 6.02°, 7.99°, 9.05°, 10.88°, and 12.85°, corresponding
to (101), (2-10), (003), (20-1), and (2-13) lattice planes,
respectively.

To gain deeper insights into the atomic structure, the
framework of the cluster was analyzed in detail. The cluster has
an octahedral Cug inner kernel with an average Cu-Cu distance
of 2.65 A (shown in Fig. 2a and c). The inner kernel is further

13744 | Chem. Sci,, 2024, 15, 13741-13752

surrounded by eight copper atoms, positioned above the
trigonal faces of the inner Cug octahedron. The interatomic Cu-
Cu distances of these capping Cu atoms from the octahedral
inner kernel Cu atoms range from 2.65 to 2.75 A and the
distance from the centroid of the Cu; face of the inner octahe-
dron to the capped Cu atoms connected to the oxygen of DMF is
2.19 A, while that to the Cu atoms bound to a free oxygen is 2.29
A (shown in Fig. $8%). This observation indicates that the two Cu
atoms connected to free oxygens are further away than the other
six Cu atoms capping the triangular faces of the kernel. Six
bidentate o-CBDT ligands are connected to the outer portion of
the core-shell region, where each S is p; bridging three Cu
atoms, one from the Cug inner kernel and two from the Cug
outer shell. The Cu-S distance is 2.31-2.36 A. A similar type of
core-shell structural geometry was earlier reported for Agi,
clusters.>®*

The complete molecular structure of the cluster (shown in
Fig. 2b and d) demonstrated that six carborane ligands are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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situated above the faces of the cube formed by the eight outer
Cu atoms of the cluster, where the distances between the
centroids of the carboranes are 12.49-12.78 A (shown in
Fig. S9}). Along with these carboranes, six DMF molecules and
two oxygen atoms are connected to the eight outer copper
atoms, with the DMF at the apices of a trigonal antiprism and
the oxygen substituted copper atoms capping its bases (shown
in Fig. 2d). The interatomic distance between the two bare
oxygens is 11.37 A (shown in Fig. S10%).

We have analyzed the solid-state packing of the Cu,,~DMF
cluster and examined various intercluster interactions respon-
sible for their solid-state packing. This trigonal crystal system is
packed as slanted layers of clusters (along the b crystallographic
axis), with an average interlayer spacing of 14.9 A (shown in
Fig. 2e). Alternatively, it resembles hexagonal packing along the
¢ crystallographic axis, with each cluster tightly packed along-
side six neighboring cluster units, as illustrated in Fig. 2f.
Careful observations of the intermolecular non-van der Waals
interactions reveal that all three types of major interactions,
namely CH:--O, CH---B and CH---HB, are centered on the
methyl C-H end of the DMF molecules (Fig. 3a and b). The
average bond lengths of CH---O, CH:--B and CH---HB inter-
actions are 2.81, 3.04 and 2.19 A, respectively (Fig. 3c). Our
failure to obtain crystals of Cu,, without the additional DMF
may be linked to the lack of opportunities for such intermo-
lecular interactions.

Additional characterization of Cu,, and Cu,,~DMF clusters

Infrared (IR) spectroscopy further verified the binding of the
ligands present in these clusters. The IR vibrational bands at

View Article Online
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2595 and 2612 cm™ ' (for Cuy,) and 2594 and 2616 cm™ ' (for
Cuy4-DMF) were assigned to the B-H stretching vibrations and
those at 3056 ¢cm ' (both for Cuy, and Cuy,~-DMF) were
assigned to the C-H vibrations of the carborane ligands (shown
in Fig. S11%). The broad appearance of the vibrational bands for
these clusters in comparison to the free 0-CBDT ligand is
probably due to the prominent ligand-centered intercluster
interactions, as similar broadening of vibrational bands has
been reported for alcoholic species dominated by strong
hydrogen bonding interactions.® The vibrational bands at 1190,
1102, 980 and 871 cm ! (for Cuy, and Cu,,~DMF) are assigned
to various B-B-B and B-B-C bending modes, while the band at
731 cm™* (for both Cuy, and Cu,,~DMEF) is related to the car-
borane cage breathing mode of the ligand.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to understand the chemical environments of the
constituent elements present in the cluster. The XPS survey
spectrum shows the presence of the expected elements Cu, S, B
and C in both clusters (Fig. S121). The selected spectral regions
of Cu 2p;,, and 2py/, at 932.5 and 952.4 eV, respectively, pointed
out the presence of mixed Cu® and Cu' oxidation states, which
were observed in previous studies of copper clusters too.*»** The
spectral analysis of the Cu LMM region revealed a single peak at
~570 eV for both Cuy4 and Cuy,~DMF clusters, indicating
a similar oxidation state for copper in both clusters (see
Fig. S13}).%** Spectral fittings of the C 1s region showed one
major peak at 284.8 for both clusters, and a minor peak at 286.7
was observed for the Cuy,~DMF cluster, due to the presence of
DMF ligands. Thermogravimetric analysis (TGA) was conducted
to investigate the thermal stability of these clusters. The results

Fig. 3

(a) Different types of intermolecular non-van der Waals interactions of a unit cell of the Cu;4—DMF cluster. (b) Expanded view of the same

interactions of a single cluster. The methyl groups of the secondary DMFs heavily interact with neighboring clusters through these interactions.
(c) The CH---O, CH---B and CH- - -HB interactions of DMF with marked distances.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(shown in Fig. S14 and S157) revealed a weight loss of 13.47% at
113.2 °C for Cu,4 and 16.10% at 119.3 °C for Cu,,~DMF. The
mass reduction in both cases can be attributed to the detach-
ment of o-CBDT ligands or their fragments from the Cuy,
cluster, whereas Cu,,~DMF exhibited additional loss of DMF
molecules too. Therefore, the overall mass loss upon heating up
to 400 °C for Cu,,~DMF (~46%) exceeds that of the Cuy, cluster
(~31%) for ~15%, which corresponds to approximately 6
molecules of DMF.

Luminescence modulation of Cu,, by surface tailoring of DMF

We examined the photoluminescence properties of both Cuy,
and Cu,,~DMF clusters. The as-prepared Cuy, cluster has yellow
luminescence both in solid and solution states. However, the
Cuy, cluster tailored with DMF shows bright red luminescence
in solution in both states (shown in the inset of Fig. 4a). Pho-
toluminescence emission measurements show that the Cuyy
cluster (in DCM solution) has an emission maximum at 599 nm
upon photoexcitation at 400 nm (Fig. 4a). Excitation spectra are
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shown in Fig. S16.f We have observed significant emission
enhancement (~10 times) of the cluster upon its solidification
by keeping the emission maxima at the same wavelength, i.e., at
599 nm.

The addition of DMF showed ~15-fold emission enhance-
ment with a 50 nm red shift of the emission band from 599 to
649 nm. The Cu,,~DMF cluster shows 3-fold enhanced emis-
sion upon solidification, keeping the emission band at the same
position. We estimated the relative quantum yield (RQY) of
these clusters and found it to be approximately ~10% and
~23% for Cuy, and Cu,,~DMF clusters, respectively, in the solid
state and ~4.6% and ~15.05% in their respective solutions. The
variation of luminescence upon self-aggregation, the chemical
binding of secondary ligands and the effect of external stimuli
such as temperature and pressure have been observed for other
copper clusters before.®**” Luminescence decay measurements
show a fast decay lifetime of 0.33 ns for the Cuy, cluster in
solution, which increases to 5.54 ns upon solidification
(Fig. S17a and b}). The Cu,4,-DMF cluster exhibits an emissive
lifetime of 0.3 ns in DMF solution and 3.7 ns in the solid state
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Fig. 4

(a) Photoluminescence emission spectra of Cuy4 and Cu;4—DMF clusters in solution and solid states. Surface functionalization of the Cu4

nanocluster with DMF results in enhanced emission with the emission maximum red shifted from yellow to red. Inset shows the photograph of
the respective clusters under 365 nm UV light. Distribution of holes and electrons in the natural transition orbitals (NTOs) for the emissive
relaxation, i.e., S; = Sg of (b) Cuy4 and Cuy4—DMF clusters. PDOS plot of the (c) Cuy4 and (d) Cuy4—DMEF clusters, where VB = valence band and CB

= conduction band.
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(Fig. S17c and df). These rapid excited state decay profiles
suggest that the fluorescence emission for both clusters origi-
nates from their singlet excited states. Oxygen sensitivity
experiments (shown in Fig. S18f) showed no significant emis-
sion quenching after oxygen bubbling, which further verified
the presence of a singlet excited state for both clusters.

Theoretical understanding of electronic energy levels

Density functional theory (DFT) and time-dependent DFT
calculations were conducted using the Gaussian 09 package to
understand the electronic structures and associated optical
absorption and emission spectra for these clusters.®® The
calculated UV-vis absorption spectrum of the Cu,,~DMF cluster
shows two absorption bands at 320 and 417 nm, which are in
good agreement with the weakly resolved experimental
absorption bands (Fig. S19af). These absorption peaks at 320
and 417 nm are attributed to the electronic transitions from
HOMO-15 to LUMO+9 and HOMO to LUMO+17 levels,
respectively (where the HOMO is the highest occupied molec-
ular orbital and the LUMO is the lowest unoccupied molecular
orbital). The electron density maps of these molecular orbitals
show that HOMO—15 and HOMO are kernel centered and
LUMO+9 and LUMO+17 are delocalized towards the peripheral
ligand shell (Fig. S19bi). Therefore, electronic absorption
occurred from the core to the ligand states. These excitations of
electrons are from the d and p-core orbitals of Cu and S,
respectively, to the p-orbitals of C and B in the ligand part.
These observations are further supported by the quantitative
Kohn-Sham orbital analysis (Fig. S20}). For the Cu;,~DMF
cluster, the LUMO state exhibits a greater contribution from
DMF, indicating the significant role of DMF in influencing the
electronic properties of the cluster (Fig. S20}). The electron
density maps of the frontier molecular orbitals, i.e., the HOMO
and LUMO of these clusters, are shown in Fig. S21.}

To understand the origin of the fluorescence of Cu;, and
Cuy4,-DMF clusters, we have systematically studied the low-lying
singlet excited states of the clusters. Initially, the excited state S;
geometry of both clusters was optimized. On the basis of the
optimized geometry of the S; states, the vertical emission bands
for the S; — S, transition have been calculated to be at 615 nm
and 647 nm with an oscillator strength of 1.1 x 10> and 1.3 x
102 for Cuy, and Cu,,~DMF clusters, respectively. These values
closely align with the experimental results. Natural transition
orbital (NTO) analysis (Fig. 4b) revealed that the distribution of
holes is localized in the Cug inner kernel and Cus@Cug core—
shell regions and electrons are diffused towards the outer Cug-
S;, motifs and metal-ligand interfacial region of the cluster,
primarily involving Cu-d orbitals for the hole and S-p orbitals
for the electron. So, the electronic population of the inner
copper-sulphide region of these clusters is predominantly
responsible for their emissive states. Additionally, the projected
density of states (PDOS) analysis (Fig. 4c and d) indicated that
the valence band edges of both clusters are dominated by Cu-
d and S-p orbitals. On the other hand, the conduction band
edge experiences a minor contribution from the C-p orbitals of
DMF in the Cu,,~DMF cluster. Such a contribution leads to the
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stabilization of the conduction band in the Cu,,~DMF cluster
compared to the Cuy, cluster. This results in a reduced overall
emissive band gap for the Cu,,~DMF cluster.

DPPE-assisted 1D framework assembly of the Cu,,~DMF
cluster

Interestingly, we have observed a drastic luminescence shift
from red (for Cu,4,-DMF) to greenish-yellow by adding DPPE to
the Cuy4,~DMF cluster. The photographic images of the result-
ing fibers under UV light are shown in Fig. 5a. The details of the
synthesis of the fibers are given in the Experimental section.
These microfibers emit bright green light (maximum at 561 nm)
in a solution of DCM and DMF (shown in Fig. 5b). The lumi-
nescence decay profile (Fig. S22}) shows an average lifetime of
26.2 ps for the green emitting Cuy, fibers, which suggests
phosphorescence emission, originating from the triplet excited
state. The quenching of the emission intensity upon oxygen
exposure and subsequent emission enhancement by nitrogen
exposure further corroborated the presence of a triplet excited
state for this framework solid (shown in Fig. S231). Similar type
PL studies by oxygen exposition were performed to confirm the
existence of triplet excited states for gold and silver clusters.*>”°
Upon evaporation of the solvents (both DCM and DMF), these
green emitting microfibers turned into bright yellow emitters
(emission maximum of 580 nm), with an average lifetime of 55.6
us (Fig. 5¢ and S221). So, the emissive excited state of these Cuy,
fibers depends on surface-adsorbed solvent molecules and this
luminescence regenerates upon exposure to DCM vapors. This
interconversion is reversible for several cycles of DCM exposure.
Both the green and yellow emitting fibers exhibit a higher RQY
(~40%) compared to the Cuy, and Cuy,~DMF clusters. The
enhanced phosphorescence emission of Cuy, fibers could result
from enhanced charge transfer between the linker and the
cluster. The optical microscopy images (shown in Fig. 5d) of the
dried fibers showed various needle-shaped fibers with a length
of 65 + 20 pm. FESEM imaging provides additional insights into
the surface morphology of these microfibers with a width of 150
+ 50 nm (Fig. 5¢). The powder X-ray diffraction study (shown in
Fig. 5f) showed the appearance of sharp diffraction peaks,
which reveal the microcrystalline nature of these fibers. A
similar type of microcrystalline nature was reported for other
cluster-assembled framework solids.*”*

The EDS elemental mapping (shown in Fig. 5h-k) shows the
presence of Cu, S, B and P in the microcrystalline solids. The IR
spectrum of the Cuy, fibers showed (Fig. S241) the presence of
characteristic vibrational peaks for carborane ligands and DPPE
linkers. In addition to the cage breathing modes at 692 and
729 cm ! and the B-B-B and B-B-C bending modes at 1178,
1099, and 980 cm ™, we have detected B-H and C-H vibrational
peaks at 2588 and 3056 cm ™, respectively, which confirm the
presence of carboranes in the Cuy, fibers. The presence of DPPE
linkers in the CAFS is indicated by the appearance of a moderate
vibrational peak at 484 cm™ " (out-of-plane ring deformation of
the Cu-DPPE framework) and an intense peak at 513 cm™" (in-
plane ring deformation of the Cu-DPPE framework).” These
vibrational features are also observed in the IR spectrum of free
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(a) Photographs of the reaction bottle under a 365 nm UV lamp showing DPPE-assisted formation of Cuy4 microfibers. (b) Comparative

photoluminescence spectra before and after the formation of microfibers. (c) PL spectra of microfibers upon their interactions with DCM. (d)
Optical and (e) FESEM micrographs of the as-prepared microfibers. (f) The powder X-ray diffraction pattern demonstrating the crystallinity of
these fibers. (g) FESEM micrograph and (h—k) respective elemental mapping of a single fiber. (L and m) DFT optimized one-dimensional assembly
of Cuy4—DMEF clusters with DPPE linkers. P---Cu coordination distances are marked here. Hydrogens are removed for clarity.

DPPE (see Fig. S257). Along with these peaks, the deformation
of the P-CH, mode at 1402 cm ™" and the stretching modes of
P—(CgHs) at 1102 cm ™' in the Cuy,~DMF fibers confirm the
binding of DPPE.” We also noted slight variations at 1434 and
1485 cm ™" in the vibrational features associated with the C-H
deformation and stretching modes of DPPE, attributable to its
binding in the Cuy, fibers. XPS studies further verified the
presence of DPPE linkers in these microfibers, without dis-
turbing the electronic environments of Cu, S and B (shown in
Fig. S26}). TGA measurements show enhanced thermal stability
(up to ~370 °C) for the Cu,, fibers in comparison to the Cuy,-
DMF cluster (~120 °C) (shown in Fig. S277). A similar type of
enhanced stability was observed for CAFSs of structurally

13748 | Chem. Sci., 2024, 15, 13741-13752

related Ag clusters.”” To verify the stability of the cluster, we
have dissolved the microfibers in DMF by heating them at 60 °C
for 3 h. Green emitting fibers formed a red emitting solution
after heat treatment in DMF (shown in Fig. S281). The extracted
solution shows a similar bright red emission (maximum at 650
nm) with a characteristic emission of the Cu,,~DMF cluster.
Mass spectrometric studies further verified the presence of
Cuy, clusters in the fibers. The ESI-MS spectrum in the positive
ion mode shows three major peaks at m/z 891.32, 859.65 and
398.51 in the lower mass region (shown in Fig. S29a}). These
peaks are assigned to [Cu,S(S,C2B10H10)(DPPE)]", [Cu,(S,Cs-
BioH;,)(DPPE)]" and [DPPE]", respectively. Along with these
peaks, there are some minor peaks at m/z 3043.74, 2589.15 and
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2127.83, corresponding to [Cuy4(S;C2B10H10)s(DMF)sO(DPPE)
Cu]’, [Cuy4(S2C,B1oH10)s(DPPE)CU]" and [Cuy4(S,C2B10H10)6]’,
respectively (Fig. S29b}). The ESI-MS spectrum in negative ion
mode shows different monoanionic peaks at m/z 1313.87,
1052.07, 933.56, 791.11 and 653.62, corresponding to [Cus-
S(S2C2B10H10)3(DPPE)(DMF)] ™, [Cu,yS4(DPPE),]™, [Cu,S4(S,Co-
B,oH1,)(DPPE)(DMF)] ", [Cu;S4(DPPE)(DMF)]~ and
[Cu,S4(DPPE)] ", respectively (Fig. S30f). The appearance of
these fragmented peaks suggested DPPE-assisted polymeriza-
tion of the cluster.

Theoretical calculations were performed to understand
the favorable binding of DPPE linkers for this framework
solid. We investigate two possible configurations, each
entailing the substitution of either one DMF molecule or one
bare oxygen atom with a DPPE molecule. Moreover, we
examine four distinct arrangements involving the replace-
ment of substituents (DMF and oxygen) with DPPE, namely:
(a) two DMF molecules positioned opposite each other, (b)
two DMF molecules situated nearby, (c) one DMF molecule
and one bare oxygen atom and (d) two bare oxygen atoms
positioned opposite each other. The structural representation
of these configurations is presented in Fig. S31.] The
comparative relative reaction energy changes (AE) (Fig. S321)
show that bare oxygen substitution (AE: —1.56 eV) is more
favorable than DMF substitution (AE: —0.22 eV), in place of
the mono-DPPE linker. In a similar fashion, the substitution
of two opposite bare oxygens is found to be most feasible (AE:
—3.16 eV) among other replacement configurations consid-
ered for two DPPE linkers. So, the assembly of the Cu,,~DMF
cluster with DPPE linkers through the bare oxygen sites
resulted in a one dimensional framework solid. Two copper
atoms bonded with the bare oxygen are connected to the
bidentate DPPE ligand through Cu-P linkages with an
average distance of 3.2 A, resulting in this 1D CAFS. The
structural representation of the 1D framework solid is shown
in Fig. 51 and m.

Conclusions

In summary, we have successfully synthesized a yellow-emitting
Cuy, cluster protected by ortho-carborane-9,12-dithiol ligands
through the LEIST reaction of a Cu;g cluster. Mass spectro-
metric studies confirmed the presence of six carborane-thiol
ligands in the shell of the synthesized Cu,, cluster. X-ray-
suitable single crystals were grown using DMF-assisted crystal-
lization. The structure has a Cug@Cug core-shell geometry with
six carborane-thiol ligands positioned over the cubical faces of
the Cug outer shell of the cluster. The crystallization was facil-
itated by intermolecular interactions involving six DMF mole-
cules connected to the outer Cug shell. The surface modification
played a crucial role in tuning the luminescence properties of
the cluster, transforming its emission from yellow to red.
Furthermore, we extended our study to the synthesis of one-
dimensional microcrystalline fibers, utilizing the cluster as
a node and DPPE as a convenient linker. These assembled
superstructures exhibited luminescence tuning from red to
greenish-yellow. Notably, the emission characteristics of these
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fibers were further modulated upon DCM adsorption. This
investigation highlights the fascinating impact of surface
tailoring on the luminescence features of copper clusters
through the introduction of secondary ligands. In conclusion,
our work showcases the site-specific modification of primary
and secondary ligands on the outer shell of the cluster, leading
to the development of a novel class of atomically precise
materials with tunable luminescence. We envision that multi-
dentate phosphine ligands can increase the possibility of the
formation of higher order cluster assembled framework solids.

Experimental section
Chemicals

Copper iodide (Cul) and 1,2-bis(diphenylphosphine)ethane
(DPPE) were purchased from Sigma-Aldrich and Spectrochem
Chemicals, respectively. Ortho-carborane-9,12-dithiol (o-CBDT)
was synthesized by following the previous literature,” starting
from ortho-carborane, which was purchased from
Katchem s.r.o. (Czech Republic). HPLC-grade solvents such as,
dichloromethane (DCM), chloroform (CHCl;), n-hexane, N,N-
dimethyl formamide (DMF), acetone, acetonitrile and methanol
(99.5%) were purchased from Rankem Chemicals and Finar,
India. Milli-Q water was used for cluster synthesis and purifi-
cation. All the chemicals were commercially available and used
as such without additional purification.

Synthesis of the [Cu,3(DPPE)cH;¢] nanocluster

The Cuyg cluster was synthesized using a modified synthetic
protocol from the literature.” In brief, 95 mg (0.49 mM) of Cul
was mixed with 120 mg (0.03 mM) of DPPE under argon and
then 15 ml of acetonitrile (as received) was added to it. After
30 min of additional stirring, the as-formed white complexes
were reduced by directly adding 180-185 mg of dry NaBH,
powder. After another hour of stirring at room temperature, an
orange-colored precipitate was formed, which indicated the
formation of the crude product. The final product was collected
as an orange solid by centrifugation and further washed three
times using 5 ml of acetonitrile and methanol each in succes-
sion, to remove excess starting reagents. Finally, the solid
product, Cu,s, was dissolved in DCM and used for further
reactions. The UV-vis and ESI-MS spectra (shown in Fig. S331)
confirmed the formation of the cluster. The yield was calculated
to be 70-75% relative to the copper precursor.

Synthesis of Cu,, and Cu,,~DMF nanoclusters

The Cu,y, nanocluster was synthesized through a ligand
exchange reaction starting from the polyhydrido Cu, cluster. In
brief, the Cu,g cluster (~35 mg) was dissolved in 7 ml of DCM at
room temperature and reacted with 25 mg of 0-CBDT ligand.
After 3 hours of stirring, the resulting yellowish solution with
characteristic yellow emission indicated the formation of the
Cu,, cluster. The solvent was evaporated to dryness under
reduced pressure and the solid crude product was purified by
washing and decanting with methanol (3 x 4 ml). Finally, the
product dissolved in DCM was used for further studies. The
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yield of the Cuy, cluster is 45-50% relative to that of Cu,g. After
overnight size stabilization at 4 °C, the Cuy, cluster was con-
verted to the Cu,,~DMF cluster by adding DMF (3 ml) to the
DCM (3 ml) solution of the cluster. A highly concentrated
solution (~30 mg ml™") in a DCM : DMF mixture (1:1 v/v) was
used for crystallization. After 15 days, yellowish cuboid crystals
were formed.

Synthesis of Cu,,~DMF fibers

The Cuy4,-DMF fibers originate from the Cu,,~DMF cluster.
Initially, 30 mg of Cu,,~DMF cluster was dissolved in a solution
of DMF and DCM (1 : 1, v/v). After stirring for 30 minutes, 8.5 mg
of DPPE was added to the solution. Subsequently, with an
additional 2-3 hours of stirring, Cuy, fibers began to form
within the reaction vessel. Following a further 0.5-1 hour of
stirring, yellowish fibers were collected via centrifugation
(1000 rpm for 3 minutes) and washed with DCM (2-3 times).
The microcrystalline fibers were dried at 30 °C by casting them
onto filter paper. The addition of excess DPPE to the as-
synthesized Cuy, cluster (in DCM solution) did not result in
the formation of fibers. The yield of the fibers is approximately
65%.
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