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protected copper nanoclusters:
stimuli-responsive materials with tunable
phosphorescence†
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Atomically precise nanomaterials with tunable solid-state luminescence attract global interest. In this work,

we present a new class of thermally stable isostructural tetranuclear copper nanoclusters (NCs), shortly

Cu4@oCBT, Cu4@mCBT and Cu4@ICBT, protected by nearly isomeric carborane thiols: ortho-

carborane-9-thiol, meta-carborane-9-thiol and ortho-carborane 12-iodo 9-thiol, respectively. They

have a square planar Cu4 core and a butterfly-shaped Cu4S4 staple, which is appended with four

respective carboranes. For Cu4@ICBT, strain generated by the bulky iodine substituents on the

carboranes makes the Cu4S4 staple flatter in comparison to other clusters. High-resolution electrospray

ionization mass spectrometry (HR ESI-MS) and collision energy-dependent fragmentation, along with

other spectroscopic and microscopic studies, confirm their molecular structure. Although none of these

clusters show any visible luminescence in solution, bright ms-long phosphorescence is observed in their

crystalline forms. The Cu4@oCBT and Cu4@mCBT NCs are green emitting with quantum yields (F) of 81

and 59%, respectively, whereas Cu4@ICBT is orange emitting with a F of 18%. Density functional theory

(DFT) calculations reveal the nature of their respective electronic transitions. The green luminescence of

Cu4@oCBT and Cu4@mCBT clusters gets shifted to yellow after mechanical grinding, but it is

regenerated after exposure to solvent vapour, whereas the orange emission of Cu4@ICBT is not affected

by mechanical grinding. Structurally flattened Cu4@ICBT didn't show mechanoresponsive luminescence

in contrast to other clusters, having bent Cu4S4 structures. Cu4@oCBT and Cu4@mCBT are thermally

stable up to 400 °C. Cu4@oCBT retained green emission even upon heating to 200 °C under ambient

conditions, while Cu4@mCBT changed from green to yellow in the same window. This is the first report

on structurally flexible carborane thiol appended Cu4 NCs having stimuli-responsive tunable solid-state

phosphorescence.
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Introduction

Atomically precise metal nanoclusters (NCs) are emerging
nanomaterials with atom-specic tunable photoluminescence
properties.1–3 Closely spaced molecule-like electronic energy
levels associated with interfacial charge transfer from the
metallic core to the ligand shell or vice versa are responsible for
their photoluminescence properties.4,5 The atomic arrange-
ments of the metallic core and the surrounding ligands dene
the emission characteristics of NCs from the visible to the NIR
region.6–8 Noble metal nanoclusters (NMNCs) of specic
nuclearity composed of gold,9 silver10 and their alloys11 exhibit
luminescence in the red region with relatively low quantum
yields with emission lifetimes ranging from the picosecond to
the nanosecond time scale. Expensive precursors, complex
synthetic methods, poor stability of NMNCs and their weak
Chem. Sci., 2023, 14, 1613–1626 | 1613
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luminescence limiting their practical applications have
prompted the exploration of more stable clusters.12 Thus,
compared to gold and silver, the synthesis of copper NCs from
cheaper precursors with greater stability presents a promising
alternative.13,14 Copper NCs with nuclearity <15 could nd use in
different applications including light-emitting diodes
(LEDs),15–17 electroluminescence,18 circularly polarized lumi-
nescence19 and X-ray radioluminescence,20 principally due to
their stronger emission.

Phosphorescence, originating from the charge relaxation of
the triplet excited state is of great interest in fundamental
research as well as applications.21,22 Generally, different organic
luminophores such as carbonyl and thioether functionalized
molecules,23–25 uorene,26 borates,27 etc., were reported with
bright phosphorescence characteristics. Facile functionaliza-
tion of organic luminophores using functional groups and
counter ions promotes their tunable emission due to efficient
intersystem crossing.28,29 On the other hand, metal centred
phosphorescence especially from copper NCs is weak due to the
absence of d–d transitions of Cu atoms with d10 congura-
tion.30,31 Ligand to metal charge transfer (LMCT) or metal to
ligand charge transfer (MLCT) is the primary reason behind
their phosphorescence. Copper clusters with bi,32 tri,33 tetra,34

and hexanuclearity35 and higher orders36,37 were reported with
LMCT and MLCT characteristics due to facile charge transport
between metal atoms and ligands. The surrounding chemical
environment also controls the emission characteristics of
luminescent materials.38,39 Intermolecular aggregation through
favourable interactions such as CH/p, p/p and hydrogen
bonding contributing to enhanced emission is referred to as
aggregation-induced emission (AIE) or aggregation-induced
emission enhancement (AIEE).40 The restriction of molecular
motion in the aggregated state and the opening of the radiative
relaxation pathways result in emission enhancement. Different
strategies of supramolecular assembly, such as host–guest
complexation,41 embedding within a rigid polymer matrix,42 co-
crystallization,43 etc., have also been involved in improving the
emission quantum yield of different luminescent materials.
Other external stimuli, especially temperature and pressure, can
also tune emission properties.44,45

For copper NCs, surface ligands protect the fragile metallic
core and co-determine their photophysical properties. Thiols,46

phosphines,47 carbenes48 and amino acids49 are functional
groups that have been reported as capping ligands of copper
clusters with luminescence characteristics. Variation due to
ligand isomerism was observed in copper clusters too.50 Car-
boranes (dicarba-closo-dodecaboranes of the general formula
C2B10H12), twelve-vertex nearly icosahedral molecules
composed of ten boron and two carbon atoms, are a new family
of materials with interesting properties.51 Due to their rigid
three-dimensional architectures with delocalized electrons over
the molecular framework of CH and BH vertices, they strongly
shield the unstable metal cores.52 Carboranes have the potential
for synthesizing coordination complexes,53 luminescent supra-
molecular materials,54 biologically active materials55 and
hypergolic materials56 due to their rigid and robust three-
dimensional architectures, chemical and thermal stability and
1614 | Chem. Sci., 2023, 14, 1613–1626
unique electronic structure. From this perspective, carborane-
thiol protected isostructural tetranuclear copper clusters are
a new class of functional materials with tunable emission
properties.

In this work, we synthesized three carborane-thiol (ortho-
carborane-9-thiol, meta-carborane-9-thiol and ortho-carborane
12-iodo 9-thiol labelled Cu4@oCBT, Cu4@mCBT and Cu4@-
ICBT, respectively) protected Cu4 clusters with high yields and
phase purity at room temperature using a ligand exchange
induced structural transformation (LEIST) reaction. Various
structural, spectroscopic, and thermal analysis studies were
conducted to reveal novel phenomena. Cumulatively, this work
presents an unexplored class of stimuli-responsive tunable
phosphorescent materials.
Results and discussion
Synthesis and crystallization

The copper clusters were synthesized by a LEIST reaction, starting
from [Cu18(DPPE)6H16]

2+ (DPPE = 1,2-bis(diphenylphosphino)
ethane).57 The details of the syntheses are presented in the
Experimental section. A similar type of synthetic approach was
also used for gold, silver and alloy nanoclusters.58–60 Cu4@oCBT
and Cu4@ICBT were obtained as microcrystalline solids with
green and orange emissions, respectively. Cu4@mCBT did not
precipitate, but formed green-emitting crystals. Fig. S1† shows
the photographic images of the synthetic steps. Compared to
high-temperature synthetic methods,61 this method gives clusters
with high yields under ambient conditions. Single crystals suit-
able for X-ray diffraction were grown in mixed solvents aer 6–8
days of crystallization at room temperature. Cu4@oCBT formed
colourless hexagonal crystals in a mixture of acetone and
dichloromethane (DCM) (3 : 1, volume ratio). The Cu4@mCBT
and Cu4@ICBT NCs formed brick-like and rhombus-shaped
crystals, respectively, in DCM : acetone :methanol (3 : 1 : 1)
mixtures. Fig. 1a–c show the images of the individual crystals
inspected with an optical microscope. The morphology of each
crystal and basic elemental composition were further conrmed
using SEM imaging and EDS elemental analysis (shown in
Fig. S2–S4† for Cu4@oCBT, Cu4@mCBT and Cu4@ICBT, respec-
tively). The EDS elemental maps of Cu4@oCBT and Cu4@mCBT
showed the presence of Cu, S, C and B in the crystals, whereas Cu,
S, I, C and B were detected in the Cu4@ICBT crystal.
Single crystal structural details

The molecular structures of the clusters were resolved using
single-crystal X-ray diffraction (SC-XRD) analysis. Cu4@oCBT
crystallized in a trigonal crystal system with the space group of
P3121. The cell volume of the cluster was 3333 Å3 (Table 1).
Fig. 1d shows the atomic structure of the cluster consisting of
a nearly square planar Cu4 core protected by four ortho-car-
borane thiol ligands. The structural anatomy (shown in Fig. S5†)
reveals that four ‘V-shaped’ Cu–S–Cu motifs surround the Cu4
core. The Cu–Cu bond distance ranges from 2.684 to 2.728 Å,
which is shorter than the Cu–Cu van der Waals distance of 2.8
Å, indicating metallic bonding. The opposite Cu–S–Cu bond
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optical microscopy images of the crystal of (a) Cu4@oCBT, (b) Cu4@mCBT and (c) Cu4@ICBT (insets show the schematic representations
of the morphology). Single crystal structure of (d) Cu4@oCBT, (e) Cu4@mCBT and (f) Cu4@ICBT having a nearly square planar Cu4 core and
a butterfly type Cu4S4 staple, protected by four carboranes in a twisted fashion. (g–i) The comparative structural analogy of the Cu4S4 staple
reveals the flattening of the Cu4S4 staple for the Cu4@ICBT NC in comparison to other clusters due to three iodine insertions in the structure.
Inset shows the wing flapping of the respective butterfly. Color code: orange = copper, yellow = sulfur, pink = boron, violet = iodine, gray =
carbon and white = hydrogen.

Table 1 Comparative unit cell parameters of the respective NCs

Clusters Cu4@oCBT Cu4@mCBT Cu4@ICBT
Crystal system Trigonal Monoclinic Tetragonal
Volume (Å3) 3333.4 4400.1 6438.0
Space group P3121 P21/c P43212
Density (mg m−3) 1.428 1.442 1.375
Z 3 4 4
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View Article Online
angles are 76.58° and 78.13°, respectively. The orientation of
Cu4S4 motifs resembles a buttery with an opposite S–S
distance of 5.54 Å (Fig. 1g). Four ortho-carborane ligands are
connected to the Cu4 core through V-shaped Cu–S–Cu staples
with an average Cu–S bond length of 2.16 Å. The anti-
orientation of the carborane cages in the opposite corners of
the Cu4S4 unit makes the cluster exible (shown in Fig. S6†).
Structurally similar Cu4@mCBT crystallized in a monoclinic
crystal system with the space group of P21/c and a cell volume of
© 2023 The Author(s). Published by the Royal Society of Chemistry
4400 Å3 (Table 1). The molecular structure of this cluster is
nearly identical to that of Cu4@oCBT (shown in Fig. 1e), having
a square planar Cu4 core protected by four meta-carborane thiol
ligands in a twisted orientation.

Cu4@ICBT crystallized in a tetragonal crystal system with the
space group of P43212 and a cell volume of 6438 Å3 (Table 1). In
this structure, four carborane ligands are connected to the Cu4
core through not only S atoms but also three iodine atoms
(Fig. 1f). The longer Cu–I distances of 3.11–3.31 Å, compared to
B–I distances of 2.15–2.25 Å, indicate a weak coordination type
of Cu–I interaction. The removal of one iodine atom from the
carborane cage is probably due to steric restrictions within the
structural framework. As a natural consequence of these
competitive interactions, the Cu–Cu bonds in Cu4@ICBT
become weak, exhibiting distances ranging from 2.80 to 2.85 Å.
Similarly, the opposite S/S distance increases to 5.94 Å in
comparison to 5.54 Å for Cu4@oCBT and 5.49 Å for Cu4@mCBT
(Fig. 1g–i). Iodine substitution on the carborane cage in the
Chem. Sci., 2023, 14, 1613–1626 | 1615
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position adjacent to the SH group makes the Cu4S4 “buttery”
atter than in other clusters. The higher cell volume of Cu4@-
ICBT, along with other structural parameters, suggests struc-
tural expansion due to iodine-induced steric congestion. The
ORTEP structures of these clusters are presented in Fig. S7–S9,†
respectively. The effects of these structural changes on the
photophysical properties of this cluster system are discussed
later.

The unit cell andmolecular packing of Cu4@oCBT (shown in
Fig. S10†) reveal six clusters packed on the opposite faces of the
cuboid. The longest distance between the two centroids of the
Cu4S4 unit is 29.440 Å along the c axis, whereas the distance
between the other two pairs of the oppositely packed centroids
is 11.434 Å. The extended molecular packing (shown in Fig. 2a
and b) reveals an ABC/ABC kind of layered packing. Three
types of short-contact van der Waals interactions, CH/S, BH/
B(H) and CH/B(B), are responsible for the packing of Cu4@-
oCBT. Careful analysis further reveals four BH/B(H), eight S/
HC and four CH/B(B) interactions per cluster, promoting their
crystallization. Cu4@mCBT is packed in horizontally stacked
layers, where four clusters are packed inside the unit cell in an
AB/AB packing mode (Fig. S11† and 2c and d). Cu4@ICBT is
packed in a type of AB/BA packing mode, where ve clusters
are packed inside the unit cell in an undulated fashion
(Fig. S12,† and 2e and f). The extended packing represents
horizontally stacked wave-like layers of the clusters. In the case
of Cu4@mCBT, one CH/HB, two B/S, four BH/S, two CH/S
and nine BH/B(H) short contact interactions were observed.
For Cu4@ICBT, there are eight S/C(H), four BH/HB and three
CH/HB interactions leading to intermolecular packing.

Additional characterization

All three copper clusters were further characterized using high-
resolution mass spectrometry (HRMS). The details of
Fig. 2 Supramolecular organization of Cu4@oCBT (a and b), Cu4@-
mCBT (c and d) and Cu4@ICBT (e and f) clusters. (a), (c) and (e) The
packing view along the b crystallographic axis and (b), (d) and (f) along
the c crystallographic axis. The rectangles correspond to the unit cell.
Color code: orange = copper, yellow = sulfur, pink = boron, violet =
iodine, gray = carbon and white = hydrogen.

1616 | Chem. Sci., 2023, 14, 1613–1626
instrumentation and preparation of the samples are provided in
the ESI.† We didn't observe any characteristic peaks from the
as-prepared samples in either positive or negative ion modes,
which suggests neutral charge for the clusters. In the presence
of formic acid, Cu4@oCBT and Cu4@ICBT ionized with char-
acteristic peaks at m/z = 956.7 (Fig. 3a) and 1334.06 (Fig. 3c),
respectively. Proton addition promoted the ionization of these
clusters. The molecular composition of Cu4@ICBT with only
three iodine atoms as determined by X-ray diffraction analysis
was also conrmed by HRMS. In the presence of caesium
acetate, Cu4@mCBT shows a peak at m/z = 1088.26 (Fig. 3b),
which is the Cs+ attached peak of the cluster. The experimental
isotopic distribution of all the clusters matched well with the
calculated ones (shown in the insets of Fig. 3a–c for Cu4@oCBT,
Cu4@mCBT and Cu4@ICBT, respectively).

Collision-energy (CE) dependent fragmentation revealed
additional insight into their structural details. The molecular
ion peak at m/z 956.7 for Cu4@oCBT was selected for frag-
mentation (Fig. 3d). At CE 50 (in instrumental units), two new
peaks observed at m/z 781.20 and 674.26 were assigned to
[Cu4S3(C2B10H11)3]H

+ and [Cu4S3(C2B10H11)2(B2CH2)]H
+,

respectively. Further increasing the collision energy up to CE 70
yielded fragments at m/z 565.32 and 390.13, which were
assigned to [Cu4S3(C2B10H11)(B2CH2)2]H

+ and [Cu4(SB2CH2)2]
H+, respectively. Fig. S13† shows both experimental and calcu-
lated isotopic distributions of the respective fragments. Frag-
mentation involves the initial loss of a carborane thiol and
subsequent fragmentation of the cage structure of the carbor-
ane of selected Cu4@oCBT ions, which illustrates high stability
of the tetranuclear copper core of the system, schematically
illustrated in Fig. 3e. The fragmentation of the carborane cage
structure was also observed for the O9 ligand (shown in
Fig. S57b†). Collision energy-dependent fragmentation of
Cu4@ICBT (shown in Fig. 3f) shows four fragments at m/z
1099.39, 925.36, 864.73 and 690.70. These peaks are assigned to
[Cu3S3I3(C2B10H10)3]5H

+, [Cu3S2I3(C2B10H10)2]5H
+, [Cu2S2I3(C2-

B10H10)2]8H
+ and [Cu2SI3(C2B10H10)]8H

+, respectively. The
theoretical isotopic distribution of these fragments matched
well with the experimental spectra (shown in Fig. S14†). The
scission of Cu–Cu bonds in Cu4@ICBT (shown in Fig. 3g)
compared to Cu4@oCBT indicates weaker bonding manifested
by longer Cu–Cu bonds (2.80–2.85 Å) in Cu4@ICBT, compared
to the shorter Cu–Cu bonds (2.68–2.73 Å) in Cu4@oCBT.

The size of the particles was analysed using TEM studies,
shown in Fig. S15–S17† for Cu4@oCBT, Cu4@mCBT and
Cu4@ICBT, respectively. We did not observe any cluster parti-
cles aer 2 min beam exposure, apparently due to the presence
of a smaller number of metal atoms, whereas 15 min beam
exposure created larger particles (with a particle dimension of
4–5 nm) due to beam-induced aggregation. The lattice spacing
of 2.6 nm indicates the (1 0 2) plane of copper sulde. The EDS
elemental analysis of Cu4@oCBT and Cu4@mCBT (in SEM)
shows a nearly 1 : 1 atomic ratio of Cu : S. The atomic ratio of
Cu : S : I of 6.75 : 4.34 : 4.15 for Cu4@ICBT also indicates the
presence of iodine in the cluster. We observed 10–15 mm
rhombohedral crystalline particles for Cu4@ICBT due to their
fast crystallization (shown in Fig. S18†). The binding of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Positive ion-mode ESI-mass spectra of (a) Cu4@oCBT, (b) Cu4@mCBT and (c) Cu4@ICBT. Formic acid and cesium acetate were used for
the measurements as ionization enhancers. Insets show the matching of the experimental and theoretical spectra, respectively. Peaks labeled *

are due to Cs+ ion impurity. (d) Collision energy dependent fragmentation of the molecular ion peak at m/z 956.35 of Cu4@oCBT shows the
losses of different carborane thiol fragments without opening the Cu4 core. (e) Schematic representation showing the respective fragmentations.
(f) Collision energy dependent fragmentation of the molecular ion peak at m/z 1334.06 of Cu4@ICBT shows the losses of carborane thiol
fragments along with the opening of the Cu4 core. (g) Schematic representation showing the losses of different fragments of Cu4@ICBT. Color
code: orange = copper, yellow = sulfur, pink = boron, violet = iodine, gray = carbon and green = hydrogen.
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carborane ligands was conrmed using 11B{1H} and 13C{1H}
NMR studies. The comparative 11B{1H} NMR data of each
cluster and respective carborane ligand are shown in Fig. S19,
S21 and S23† and peak positions and other details are
summarized in Table S9–S11,† respectively.

The 11B NMR spectrum of Cu4@oCBT at room temperature
shows six peaks at d 6.54, −1.36, −7.56, −12.63, −14.56 and
−15.35 ppm in comparison to the peaks of the O9 ligand at d 5.01,
−1.34, −7.58, −13.26, −14.52, and −15.35 ppm. The appearance
of 11B NMR peaks in nearly the same position indicates that the
boron spectral region of the O9 ligand is less inuenced by
binding with the metal core. The chemical shi of the boron
connected to sulphur is shied to d 6.54 ppm compared to
5.01 ppm for theO9 ligand. The

13CNMRpeaks of O9 at d 53.41 and
47.01 ppm are shied to 54.95 and 46.44 ppm in Cu4@oCBT
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. S20†). The peak splitting increases from 6.4 ppm to 8.51 ppm
for Cu4@oCBT due to enhanced C–C coupling. Cu4@mCBT and
Cu4@ICBT have characteristic 11B spectra similar to M9 and I9
ligands, respectively (Fig. S21 and S23†).

The 13C NMR spectra showed a single peak at d 54.51 ppm due
to C1 and C7 carbons of theM9 ligand, which got split into d 56.37
and 49.99 ppm for Cu4@mCBT and the peaks at d 45.97 and
44.41 ppm of I9 ligands were shied to d 51.50 and 46.91 ppm,
respectively, for Cu4@ICBT (Fig. S22 and S24†). Literature reports
on the magnitude of dipole moment and alteration in the
orientation of carboranes upon binding with the metal surface
indicate changes in their electronic properties upon binding with
metal atoms.62–64

Infrared (IR) and Raman spectroscopy were performed to
understand the vibrational spectral signatures of these
Chem. Sci., 2023, 14, 1613–1626 | 1617
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clusters. The IR spectra of Cu4@oCBT, Cu4@mCBT and
Cu4@ICBT are shown in Fig. S25–S27,† along with those of the
respective ligands. The appearance of BH and CH stretching
peaks at 2600 and 3050 cm−1 and other bending vibrational
modes independently conrm the presence of carborane thiols
in the cluster sample. The stretching vibrational spectral
regions (especially BH and CH) become broad upon binding to
the copper core. The cage breathing vibrational modes at
860–878 cm−1 conrm ligand binding. Theoretical calculations
shown in Fig. S28 and S29† for Cu4@oCBT and Cu4@ICBT,
respectively, also support the experimental spectra. Raman
spectra shown in Fig. S30–S32† also conrm the broadening of
CH and BH spectral regions of the respective clusters. XPS
Fig. 4 UV-vis absorption spectra of (a) Cu4@oCBT, (b) Cu4@mCBT and (
absorption spectrum of each cluster, also shown here, correlates well w
strengths. The absorbance values refer only to the experimental spectr
luminescence was observed from Cu4@oCBT and Cu4@mCBT, whereas
emission spectra of the clusters in their solid state. (f) Emission decay pr
maps of natural transition orbitals (NTOs) responsible for the absorption
states of Cu4@oCBT. (i) NTOs responsible for triplet emission.

1618 | Chem. Sci., 2023, 14, 1613–1626
spectra shown in Fig. S33–S35† of Cu4@oCBT, Cu4@mCBT and
Cu4@ICBTmanifest the characteristic Cu, S, C and B signatures.
Peak tting of the Cu 2p region with 2p3/2 and 2p1/2 peaks at 930
and 950 eV of Cu4@oCBT and the absence of satellite peaks
indicate a metal-like zero oxidation state for Cu. Similar spectra
of Cu for Cu4@mCBT and Cu4@ICBT also suggest a zero oxida-
tion state. The 3p3/2, 3d5/2, 4p and 4d peaks at 874, 619, 122, and
50 eV of iodine, respectively, were observed for Cu4@ICBT.

Photophysical properties

We have studied the absorption and emission characteristics of
these clusters in detail. The UV-vis absorption spectra of the
clusters recorded in their respective solutions (Cu4@oCBT and
c) Cu4@ICBT in the solid state and respective solutions. The calculated
ith the experimental spectrum. Yellow lines indicate relative oscillator
a. (d) Photographs of the clusters under daylight and UV-light. Green
Cu4@ICBT is orange emitting. (e) Photoluminescence excitation and

ofiles of the clusters at room temperature (25 °C). (g) Electron density
feature of Cu4@oCBT. (h) Schematic diagram of the calculated excited

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photophysical parameters of Cu4 clusters in an air
atmosphere

Clusters lmax (nm) sair (ms) Fair

Cu4@oCBT 525 (295 K) 43 (295 K)a 81% (295 K)
535 (5 K) 103 (5 K)a 100% (5 K)

Cu4@mCBT 533 (295 K) 42 (295 K)a 59% (295 K)
543 (5 K) 125 (5 K)a 98% (5 K)

Cu4@ICBT 595 (295 K) 35 (295 K)b 18% (295 K)
606 (5 K) 99 (5 K)b 50% (5 K)

a Monoexponential decay prole. b Average lifetime obtained from
biexponential t.
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Cu4@mCBT in acetonitrile and Cu4@ICBT in a 5 : 1 DCM and
acetone mixture) as well as in the crystalline state are presented
in Fig. 4a–c. In solution, these clusters show a sharp absorption
band in the window of 260–282 nm, whereas this absorption
appears broadened in the crystalline state, with the onset at
∼400 nm. Generally, these clusters are non-emitting in solu-
tion, whereas bright emission (green for Cu4@oCBT and
Cu4@mCBT and orange for Cu4@ICBT) were observed in the
crystalline state under UV light (shown in the inset of Fig. S36†).
The photographs of the respective crystals are shown in Fig. 4d.
PL measurements showed emission peaks at 525, 533 and
595 nm for Cu4@oCBT, Cu4@mCBT and Cu4@ICBT in the
crystalline state (Fig. 4e). Such types of strong emission peaks
are absent in their respective solutions (Fig. S36†). These
emission bands are associated with a broad excitation band in
the window of 250–400 nm, which resembles their absorption
band (Fig. 4e). These crystallization induced emission (CIE)
features are reminiscent of cubane type [Cu4X4L4] complexes,
which also showed poor luminescence properties in solution
when compared to the solid and aggregated states.65,66 We have
further checked the aggregation-induced emission (AIE)
behaviour of Cu4@oCBT and Cu4@mCBT clusters (shown in
Fig. S37†). Both of these clusters are non-emissive in acetoni-
trile. However, bright green luminescence was observed upon
increasing the water content. PL spectral measurements show
that aggregates started forming at a water fraction (fw) of 30 and
20% for Cu4@oCBT and Cu4@mCBT, respectively, and the
emission intensies gradually up to fw 80%.

To get additional insights into the CIE/AIE properties, we
have studied the structural variation from the crystalline state to
the isolated solution state using density functional theory (DFT)
calculations, which show structural relaxation of Cu4@oCBT
and Cu4@mCBT in solution compared to their crystalline state
(shown in Fig. S38†). The Cu–S bond length decreases from 2.65
to 2.27 Å for Cu4@oCBT and 2.60 to 2.28 Å for Cu4@mCBT,
upon changing from crystals to clusters in solution. Increase in
the Cu–S–Cu bond angle from 74.65° to 78.45° for Cu4@oCBT
and 73.65° to 78.08° for Cu4@mCBT also suggests such relax-
ation. Intercluster interaction in the solid state is also respon-
sible for the CIE/AIE behaviour. Non-covalent intermolecular
interactions have a signicant effect on their electronic struc-
ture. Cu4@oCBT is packed in a trigonal crystal lattice through
C–H/B(B) (3.04–3.06 Å), B–H/B–H (2.37–3.06 Å) and C–H/S
(2.74–2.80 Å) van der Waals interactions (Fig. S39†). Similar
intermolecular interactions were also present for Cu4@mCBT
and Cu4@ICBT (shown in Fig. S40 and S41,† respectively). The
disappearance of emission can be attributed to the structural
relaxation of the clusters in solution as well as quenching of the
excited state by solvent molecules.

The emission lifetimes of 43, 42 and 35 mS for Cu4@oCBT,
Cu4@mCBT and Cu4@ICBT indicate phosphorescence nature
originating from a triplet excited state (Fig. 4f). The respective
ttings of each decay trace are shown in Fig. S42.† To verify the
nature of the excited state, we have measured PL intensity upon
interaction with oxygen. Quenching the emission intensity of all
these clusters upon oxygen exposure and subsequent PL
recovery upon nitrogen exposure veried prominent interaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
of oxygen with the triplet excited state (Fig. S43†). Similar
experiments were performed to detect the triplet state for metal
nanoclusters.67,68 The quantum yields of 81%, 59% and 18%
correlate with the emission intensity of the clusters. Detailed
photophysical parameters are summarised in Table 2.

The excited states of these clusters were studied using
Density Functional Theory (DFT) and Time-dependent DFT (TD-
DFT) calculations. The calculated absorption features and their
respective oscillator strength in solution match well with the
experimental spectrum (shown in Fig. 4a–c). The natural tran-
sition orbitals (NTOs) of these singlet excitations (Fig. 4g, S44,
and S45† for Cu4@oCBT, Cu4@mCBT, and Cu4@ICBT, respec-
tively) show that the hole orbitals (i.e. S0) are located in the
Cu4S4 core region, whereas excited electron orbitals (i.e., S1, S2
and S3) with comparable energy are delocalized all over the
copper carborane cluster framework. So, the absorption bands
are due to the charge transfer from the metal core to the ligand
shell (MCLS). The low energy absorption transition extends to
the ‘surface’ of the clusters and it might depend on the inter-
molecular packing in the crystalline state. In the experimental
spectra, such low energy transitions within ca. 300–400 nm are
observed as a weak absorption tail. Their relative intensities are
apparently overestimated by the calculations.

Next, we have calculated excited triplet states (Tn). The
calculated energies (shown in Table S12 and S13†) of the rst
triplet state (T1) are too high to correspond to the wavelength of
the phosphorescence observed in the solid state. However,
phosphorescence proceeds from relaxed triplet ðT0

1Þ, and
geometry optimization of T1 changes its energy drastically. The
copper cores of the clusters undergo extensive rearrangement
upon excited state relaxation (Fig. S46†). While the T0

1 energy of
Cu4@oCBT gets close to that of the observed solid state phos-
phorescence, the value calculated for Cu4@ICBT decreases even
more, perhaps due to inefficient calculation of the spin orbit
coupling for the iodinated compound. The low energies of the
relaxed excited states may explain why phosphorescence is not
observed in solution.

The NTOs of T1 and T0
1 provide another insight into their

properties (Fig. 4i and S47†). In all these clusters, the hole
orbitals are located along the Cu4S4 rim, while the excited
electron orbitals are mainly concentrated within the Cu4 core.
In Cu4@oCBT (Fig. 4i) and Cu4@mCBT (Fig. S47a†), the hole
and electron orbitals are almost perfectly symmetric, unaffected
Chem. Sci., 2023, 14, 1613–1626 | 1619
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by the different orientations of the carborane ligands and the T1

excitations proceed concentrically from the rim of the cluster to
its core. On the other hand, even though the iodine atoms of
Cu4@ICBT (Fig. S47b†) participate in the NTOs to a limited
extent, the hole orbital is shied towards the pair of axially
oriented carborane cages, where one copper atom is in close
contact with two iodine atoms, while the electron orbital leans
towards the equatorially attached ligand pair and the lone
copper atom with no contact with iodine atoms. This shi
creates a dipole between the excited electron and the hole that
in solution interacts with the polarisable continuum of the
solvent. This is why the T1 energies of Cu4@oCBT and Cu4@-
mCBT do not change in solution but that of Cu4@ICBT
increases (Table S12 and S13†).

In addition, we have performed low-temperature photo-
physical measurements. As shown in Fig. 5a, the emission
maximum at 525 nm of Cu4@oCBT was gradually shied to
535 nm upon reducing the temperature from 295 to 5 K. Similar
types of emission features were also observed for Cu4@mCBT,
where emission centered at 533 nm was shied to 543 nm with
1.5-fold emission enhancement (Fig. 5b). The 595 nm peak got
shied to 606 nm for Cu4@ICBT upon cooling the sample from
295 to 5 K (Fig. 5c). From the intensity variation, we have esti-
mated that the quantum yields at 5 K approach ∼100% for
Cu4@oCBT and Cu4@mCBT but ∼50% for Cu4@ICBT. The
phosphorescence lifetimes of all these clusters moderately
increase upon cooling down the sample to 5 K. For Cu4@oCBT,
the lifetime becomes 103 ms at 5 K compared to 43 ms at room
temperature (Fig. 5d). For Cu4@mCBT and Cu4@ICBT, 42 and
35 ms lifetimes at room temperature increase to 125 and 99 ms,
respectively (Fig. 5e and f). The respective ttings of the lifetime
proles are shown in Fig. S48.† The change in the emissive
lifetime for all three clusters at low temperature showed their
Fig. 5 Low temperature (from 298 K to 5 K) photoluminescence excit
Cu4@ICBT, respectively, in the solid (polycrystalline) phase. Comparat
Cu4@ICBT at 5 and 295 K, excited with a ns-pulsed laser at 337 nm. The PL
the indicated lifetimes; those of Cu4@ICBT deviate from monoexpone
biexponential fits.

1620 | Chem. Sci., 2023, 14, 1613–1626
emission to be phosphorescence rather than thermally acti-
vated delayed uorescence (TADF). Efficient spin–orbit
coupling between copper and carborane-thiol promotes
phosphorescence.
Mechanoresponsive luminescence

Mechanoresponsive luminescence has been observed in these
materials similar to previously reported phosphine protected
copper complexes.69–71 We observed this by mechanical
grinding. Cu4@oCBT and Cu4@mCBT clusters exhibit signi-
cant changes in their luminescence behavior upon mechanical
grinding. The iodinated analogue, Cu4@ICBT, is resistant to
mechanical activity. Grinding the crystalline samples of
Cu4@oCBT and Cu4@mCBT using a mortar and pestle leads to
changes in emission from green to yellow, without change in
their appearance to the naked eye (Fig. 6a and b). We have
observed that 20–25 min grinding of Cu4@oCBT is required to
complete the transition from green to yellow, whereas only 8–
10 min grinding is required for Cu4@mCBT. Cu4@ICBT didn't
show any visible luminescence change aer 20 min of grinding
(Fig. 6c). PL spectral measurements showed that the emission
maxima at 525 and 533 nm of the as-prepared Cu4@oCBT and
Cu4@mCBT clusters shied to 566 and 594 nm, respectively,
upon grinding (Fig. 6d and e). We have also observed an
increase in the full width at half maximum (fwhm) of the
ground sample from 100 to 131 nm for Cu4@oCBT and from 97
to 120 nm for Cu4@mCBT. The broader emission is likely due to
the higher structural heterogeneity by grinding. The emission
maximum at 595 nm of Cu4@ICBT remains the same, i.e.,
unaffected by grinding (Fig. 6f). We have also observed the
regeneration of luminescence from ground samples back to the
initial state by exposure to DCM vapours. The yellow emission
ation and emission spectra of (a) Cu4@oCBT, (b) Cu4@mCBT and (c)
ive emission decay traces of (d) Cu4@oCBT, (e) Cu4@mCBT and (f)
decays of Cu4@oCBT and Cu4@mCBT follow exponential kinetics with
ntial curves; the indicated lifetimes are average values derived from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photographic images of (a) Cu4@oCBT and (b) Cu4@mCBT clusters show visible luminescence changes from green to yellow upon
mechanical grinding. Luminescence was regenerated upon exposure of vapours of DCM. (c) Cu4@ICBT shows unaltered mechanoresponsive
behaviour. Photoluminescence spectra of the grinding-solvent exposure cycle of (d) Cu4@oCBT, (e) Cu4@mCBT and (f) Cu4@ICBT. PXRD spectra
of (g) Cu4@oCBT, (h) Cu4@mCBT and (i) Cu4@ICBT reveal a reduction of crystallinity upon grinding and regenerating the crystallinity upon
solvent exposure.
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from the ground samples changed to green aer 30 min of
vapour exposure.

Powder X-ray diffraction studies were performed to under-
stand the phase transitions during the grinding and vapour
exposure process. For all of these samples, the characteristic
diffraction peaks matched well with the simulated PXRD
pattern, which indicated crystalline purity (Fig. 6g–i and Tables
S14–S16†). The broad diffraction features of the ground
samples suggest crystalline to amorphous transition. The
appearance of sharp diffraction peaks from the vapour exposed
samples indicates an amorphous to crystalline phase transition,
which is accompanied by regained green emission. The
reversible mechanoluminescence of Cu4@oCBT and Cu4@-
mCBT makes them suitable for pressure-sensing applications.
Raman studies (Fig. S49 and S50† for Cu4@oCBT and Cu4@-
mCBT, respectively) were performed to understand structural
details at the molecular level. The ground Cu4@oCBT and
© 2023 The Author(s). Published by the Royal Society of Chemistry
Cu4@mCBT samples show broad spectral signatures with
a slight shi of BB, BC, BBB and BBC vibrational features. We
have observed a reversible shi of the icosahedral cage
breathing vibrational mode from 764 to 757 cm−1 upon
grinding, which returned to 763 cm−1 upon solvent exposure.
Spectral shis of 26 and 18 cm−1 for BH stretching modes were
also observed for Cu4@oCBT and Cu4@mCBT, respectively.
These studies clearly conrm the changes of structural micro-
environments during respective operations, which was also
observed for copper complexes, studied through solid state
NMR studies.72,73 The nearly planar structure of Cu4@ICBT with
longer Cu–Cu bond distances than the other clusters makes it
so relaxed that it is unresponsive to mechanical grinding.
Therefore, the variation of the changes in the emission of
Cu4@oCBT and Cu4@mCBT can be attributed to their struc-
tural relaxation upon grinding and subsequent rigidication
upon solvent exposure.
Chem. Sci., 2023, 14, 1613–1626 | 1621
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Thermoresponsive luminescence

In addition to mechanoresponsive behaviour, we have investi-
gated the thermal dependence of luminescence as well. These
experiments were carried out using ∼150 mg microcrystals
under ambient conditions. Fig. 7a shows a series of photo-
graphs of Cu4@oCBT, exhibiting green emission from crystals
aer heating to 200 °C. No signicant changes in the physical
texture and color of the crystals were observed during thermal
treatment. PL measurements (shown in Fig. 7b) show 1.1–1.3
fold emission enhancement up to 150 °C. Further heating,
above 150 °C, slightly reduced the emission intensity. 1.5, 2.0
and 4.5-fold reductions in emission were observed at 175, 200,
and 225 °C heating, respectively. Further heating of the sample
above 250 °C quenches the emission completely due to the
decomposition of the structure.

TG and DTG shown in Fig. 7c further conrm the stability of
the Cu4@oCBT cluster. There is no mass loss up to 350 °C.
Heating above 380 °C leads to a loss of 40% of its mass due to
the degradation of two carborane-thiol ligands along with
a sulfur atom. Differential scanning calorimetry (DSC)
(Fig. S51†) also conrms its superior thermal stability. The full
range PXRD spectra of samples heated to different temperatures
(Fig. 7d) show the preservation of the diffraction pattern up to
200 °C. Heating the sample to 250 °C leads to quenching of
luminescence, in addition to irreversible structural changes.
Spectral analysis reveals no signicant enhancement of the
spectral sharpness at low angle (below 25°) diffraction peaks,
which indicates that there is no major phase transformation
upon heating. The higher angle diffraction peaks, such as at 2q
of 36.51°, 40.82°, 43.97° and 45.36°, become sharper upon
Fig. 7 Thermostable luminescence of Cu4@oCBT crystals. (a) Photograp
visible color. (b) Emission spectra measured after heating at different tem
200 °C. (c) TG and DTGmeasured in nitrogen, showing thermal stability o
peaks up to 200 °C, which indicate superior structural stability. Simulated
samples at room temperature, exposed to the temperature mentioned f

1622 | Chem. Sci., 2023, 14, 1613–1626
heating the sample to 150 °C (Fig. S52†). This can be rational-
ized by better crystallinity of the sample along with slight
emission enhancement upon initial heating. However, the
PXRD diffraction pattern of the 250 °C heated sample shows the
complete loss of crystallinity, which is also manifested by the
complete quenching of the luminescence. All together, these
studies conrm that the rigid Cu4@oCBT crystals show high
luminescence stability over a relatively broad temperature
range.

On the other hand, nearly isostructural Cu4@mCBT shows
interesting thermal dependence of luminescence in its crystal-
line state. Fig. 8a shows the photographic images of the sample
during heating. Crystalline samples heated up to 100 °C show
bright green luminescence followed by a change to yellow
emission (at about 150 °C), which was observed up to 200 °C.
Consistent with Cu4@oCBT, further heating to 250 °C leads to
structural degradation (formation of black powder) and the
disappearance of the luminescence. PL measurements showed
a 1.1–1.2 fold emission enhancement up to 100 °C (Fig. 8b). At
125 °C, there is 1.1-fold reduction in emission. The 533 nm peak
position remains the same up to 125 °C, matching with the
visible green emission. We have observed double emission
peaks at 510 and 612 nm from the sample heated to 150 °C.
Similar peaks were also observed with samples heated to 200 °C.
The appearance of a double emission band at 150 °C is probably
due to the thermal expansion of the crystalline lattice and
associated changes in the electronic excited state.

TG and DTG showed thermal stability up to 371 °C (Fig. 8c).
The 65.59% mass loss indicates the desorption of [CuS(C2B10-
H11S)3] beyond 371 °C. We have not observed any phase
hs show retained green emission up to 200 °C, without changes in the
peratures show that the emission peak position remains the same up to
f the crystals up to 380 °C. (d) PXRD patterns show identical diffraction
spectrum is built with the single crystal data. All the data correspond to
or 4 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Temperature-dependent tunable luminescence of Cu4@mCBT crystals; (a) photographs show green emitting crystals become yellow
emitting after heating at 150 °C. Similar yellowish emission was observed up to 200 °C. (b) Photoluminescence spectra show a nearly similar
emission maximum (533 nm) up to 125 °C heating, whereas heating at 150 °C leads to new peaks at 511 and 612 nm. (c) TG and DTG analyses
show the thermal stability of the crystals up to 371 °C. (d) PXRD patterns show the appearance of new diffraction peaks after 150 °C heating,
indicating structural transformation upon heating. Simulated spectrum was built with the single crystal data. All the data in (a, b and d) were
measured at room temperature after heating the sample to the required temperature for 4 h.
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transition in TG/DTG analysis. In contrast, the DSC result shows
an exothermic peak in the window of 250–300 °C (Fig. S53†).
The PXRD measurements of the heated samples showed the
appearance of new diffraction peaks aer heating the sample at
150 °C (Fig. 8d). Magnied spectra shown in Fig. S54† reveal the
appearance of new diffraction peaks at 2q of 9.197°, 9.395°,
16.986°, 18.059°, and 18.962°, due to (012), (10–2), (121), (10–6),
and (21–3) lattice planes. A reduction of the peak intensity was
also observed at higher angles. So the appearance of new lattice
planes, along with the reduction of some others, is due to
structural change inside the crystal lattice. The exible nature
makes the emission properties of Cu4@mCBT tunable.

Thermogravimetric analysis shows lower thermal stability of
Cu4@ICBT compared to the other two clusters. At 130.5 °C,
there is a mass loss of 13.68% (Fig. S55†) corresponding to one
carboranethiolate ligand. DSC data show an endothermic peak
at 129.3 °C (Fig. S56†). We haven't observed any temperature
dependence of luminescence for Cu4@ICBT.

Conclusions

This work presents a class of isostructural tetranuclear copper
NCs protected by carborane thiol ligands. Single crystal XRD
shows that all of these clusters have a square planar Cu4 core
and a buttery-shaped Cu4S4 staple, surrounded by respective
carboranes. Three iodine insertions in Cu4@ICBT make the
Cu4S4 staple more attened than other nanoclusters. High-
resolution mass spectrometric studies and other spectroscopic
and microscopic studies further conrm the molecular
© 2023 The Author(s). Published by the Royal Society of Chemistry
composition of these clusters and associated structural details.
All of these clusters emit negligibly in solution, whereas bright
visible emission was observed in the solid state due to inter-
molecular aggregation manifested by their CIE and AIE char-
acteristics. Tuning the emission from green to yellow was
observed due to structural attening of Cu4@ICBT in the crys-
talline state. The emission lifetimes of the microsecond range
indicate phosphorescence, originating from triplet states,
which was veried by oxygen quenching experiments. DFT
calculation veried radiative relaxation from the relaxed triplet
state. We observedmechanoresponsive luminescence switching
of Cu4@oCBT and Cu4@mCBT upon mechanical grinding and
subsequent solvent exposure. Cu4@ICBT didn't show any
luminescence tuning by mechanical treatment. Among these
clusters, Cu4@mCBT shows thermoresponsive luminescence.
Systematic investigations using different spectroscopic and
microscopic studies proved that structural modication due to
aggregation and external stimuli manifests in the change of
their phosphorescence properties. This work thus presents
a new class of coinage metal NCs with bright and thermally
stable phosphorescence, which in addition can be efficiently
tuned via manipulating the excited states.

Experimental section
Chemicals

Ortho-carborane-9-thiol (O9), meta-carborane-9-thiol (M9) and
ortho-carborane 12-iodo 9-thiol (I9) were synthesized according
to the literature.74,75 The purity of each ligand was conrmed by
Chem. Sci., 2023, 14, 1613–1626 | 1623
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their characteristic mass spectrometric analyses, presented in
Fig. S57–S59,† respectively. While the O9 and M9 X-ray single-
crystal structures were reported previously, the molecular
structure of the I9 ligand is provided together with the respec-
tive discussion of its supramolecular structure in the ESI
(Fig. S60–S62†). Copper iodide (CuI) and sodium borohydride
(NaBH4, 98%) were purchased from Aldrich Chemicals. 1,2-bis-
(Diphenylphosphino)ethane (DPPE) was purchased from Ran-
kem Chemicals. Solvent grade dichloromethane (DCM), chlo-
roform (CHCl3), n-hexane, acetone, acetonitrile and methanol
(99.5%) were purchased from Rankem and Finar India,
respectively. Deuterated solvents such as CDCl3 and d6-acetone
were purchased from Sigma Aldrich. All of the chemicals were
commercially available and used as received. Crystallization was
achieved in HPLC-grade solvents.
Synthesis of [Cu18(DPPE)6H16]
2+

The [Cu18(DPPE)6H16]
2+ (shortly, Cu18) cluster was prepared

according to the literature.57 In brief, 95 mg (0.49 mM) CuI was
mixed with 120 mg (0.03 mM) DPPE under argon and dissolved
in 15 ml of acetonitrile. Aer 30 min, the as-formed white
complexes were reduced by directly adding 180–185 mg of
NaBH4 powder. Aer another hour of stirring (750 rpm) at room
temperature, an orange colored precipitate was formed, which
indicated the formation of the cluster. Aer another 6 hours,
the mixture was centrifuged to yield an orange solid, which was
washed three times using 5 ml of acetonitrile and methanol to
remove any starting reagents. Finally, dark orange colored Cu18
was extracted using DCM for the LEIST reaction. UV-vis and ESI-
MS spectra (Fig. S63†) were recorded to conrm the Cu18
cluster. The yield was calculated to be 75% relative to the
respective copper precursor.
Synthesis of Cu4@oCBT

The puried Cu18 nanocluster (∼50 mg) in 15 ml DCM was
reacted with 40 mg of O9 at room temperature. Aer 2 h of
reaction, the as-formed yellowish solution yields white color
precipitates. Bright green emission from these precipitates was
observed under a 365 nm UV lamp. Aer completing the reac-
tion (5 h), microcrystalline white precipitates were washed
several times using methanol and DCM to remove any excess of
unreacted ligands. The puried microcrystal-line cluster was
used for further studies (yield = 85%).
Synthesis of Cu4@mCBT and Cu4@ICBT

Cu4@mCBT and Cu4@ICBT were synthesized following
a similar LEIST reaction to that reported above. Instead of using
O9, we have used M9 and I9 as protecting ligands for synthe-
sizing these clusters. The as-formed Cu4@mCBT is soluble in
DCM from which it was crystallized, whereas Cu4@ICBT formed
a yellow colored microcrystalline in-soluble solid (Yield: 75% of
Cu4@mCBT and 80% of Cu4@ICBT).
1624 | Chem. Sci., 2023, 14, 1613–1626
Oxygen sensitivity

The nature of the excited state was veried by oxygen sensitivity
experiments. A thin layer of the microcrystalline sample was
cast on a glass slide, which was exposed to oxygen (exposure
time 12 h). PL measurements were performed aer oxygen
exposure. Nitrogen was subsequently exposed to conrm
oxygen sensitivity. Prior to the gas exposure, each sample was
put in a vacuum for 1 h.

AIE properties

The aggregation behaviours of Cu4@oCBT and Cu4@mCBT
were studied upon dissolving them in acetonitrile. A varying
fraction of water was added to it by keeping the cluster
concentration the same (1 mg ml−1). Non-emitting acetonitrile
solution of these clusters becomes green emitting upon
increasing the fraction of water.

Grinding and solvent exposure experiments

95–100 mg of freshly prepared microcrystalline powder was
ground mechanically using a clean mortar and pestle. Solvent
exposure was accomplished by placing the mortar inside
a closed chamber with DCM vapour.

Thermal heating experiments

A freshly prepared 150–160 mg crystalline powder was placed in
a closed glass vial and heated under ambient conditions for 4 h.
Just aer heating under specic conditions, luminescence and
PXRD studies were performed.

Data availability

X-ray crystallographic structures are deposited in CCDC. Addi-
tional data can be found in ESI.†
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