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ABSTRACT: Atomically precise copper nanoclusters (NCs) attract
research interest due to their intense photoluminescence, which enables
their applications in photonics, optoelectronics, and sensing. Exploring
these properties requires carefully designed clusters with atomic precision
and a detailed understanding of their atom-specific luminescence properties.
Here, we report two copper NCs, [Cu4(MNA)2(DPPE)2] and [Cu6(MNA-
H)6], shortly Cu4 and Cu6, protected by 2-mercaptonicotinic acid (MNA-
H2) and 1,2-bis(diphenylphosphino)ethane (DPPE), showing “turn-off”
mechanoresponsive luminescence. Single-crystal X-ray diffraction reveals
that in the Cu4 cluster, two Cu2 units are appended with two thiols, forming
a flattened boat-shaped Cu4S2 kernel, while in the Cu6 cluster, two Cu3 units
form an adamantane-like Cu6S6 kernel. High-resolution electrospray
ionization mass spectrometry studies reveal the molecular nature of these
clusters. Lifetime decay profiles of the two clusters show the average
lifetimes of 0.84 and 1.64 μs, respectively. These thermally stable Cu NCs become nonluminescent upon mechanical milling but
regain their emission upon exposure to solvent vapors. Spectroscopic data of the clusters match well with their computed electronic
structures. This work expands the collection of thermally stable and mechanoresponsive luminescent coinage metal NCs, enriching
the diversity and applications of such materials.

■ INTRODUCTION
Atomically precise nanoclusters (NCs) are a distinct category
of nanomaterials with a core dimension below 3 nm, showing
unique physicochemical properties.1−5 Such materials have
intrinsic molecule-like discrete electronic energy levels with
molecular luminescence.6−8 Noble metal NCs are protected by
thiol, amine, carbene, alkyne, phosphine, and carboxylic acid
ligands, which control their size, shape, stability, optoelectronic
properties, and chemical reactivity.9−14 Extensive investigations
of gold and silver NCs have yielded valuable insights into their
synthesis, structure, properties, and structure−property
relationships.15,16 However, complex synthetic procedures,
expensive precursors, low synthetic yields, and poor chemical
purity are prime drawbacks, limiting the practical utility of
several clusters.17 Alternatively, Cu NCs are promising
candidates because Cu is more earth-abundant and less
expensive, and there are several nontoxic precursors. Besides,
the methods provide high synthetic yields.18−22 Recently,
many moderate-sized and large Cu clusters, such as Cu18, Cu20,
Cu29, Cu33, Cu58, Cu62, Cu74, Cu81, Cu93, Cu96, and Cu136 were
synthesized, and several single-crystal X-ray structures were
determined.23−27 Noble metal NCs, composed of gold and
silver with specific nuclearity, generally exhibit luminescence
with relatively low quantum yields, and their emission lifetimes
range from the picosecond to the nanosecond time scale. In

contrast, copper clusters show longer lifetimes of the
microsecond time scale and higher quantum yields, which
motivated us to investigate their structure−property relation-
ships in greater detail.35

Generally, it has been observed that Cu NCs with low
nuclearity exhibit strong, multicolor, and tunable luminescence
due to their facile charge transfer between the ligand shell and
metal.36 Due to their intense luminescence in small Cu NCs,
they may be used in various applications like light-emitting
diodes, electroluminescence, anticounterfeiting, cell imaging,
and optical sensing.28−34 Reports suggest that the involvement
of Cu d orbitals and metal-to-ligand charge transfer or vice
versa is likely to be responsible for their bright lumines-
cence.37,38 For example, electron-donating ligands like amines
and phosphines induce intense luminescence in ultrasmall Cu
clusters.18,39 The intensity of emission originating in NCs
depends on factors like chemical environment and restriction
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of intramolecular motion, controlled by surface ligands.40−42

Sometimes, a decrease in the molecular motions in the
crystalline state enhances luminescence, popularly known as
crystallization-induced emission.41,42 This type of intermolec-
ular aggregation occurs due to CH−π and π−π interactions
and hydrogen bonding, which together enhance the emission
intensity.43,44 The bulky surface ligands, such as aromatic
thiols, amines, and phosphines, stabilizing the metal−sulfur
core in NCs, form a rigid framework, contributing to the
chemical and thermal stability of the molecules or their
packing in a stable crystalline state. The Cu−S core of a
crystalline ordered structure in small Cu NCs is sensitive to
external stimuli like temperature, pressure, and radia-
tion.35,45−51 Cu NCs with such diverse properties motivated
us to synthesize, crystallize, and explore the properties of new
clusters for a rational understanding.
Reports of small Cu clusters and complexes with long Cu−

Cu bond lengths protected by phosphines show mechano-
chromic luminescence.47−49 This is ascribed to the reversibility
of molecular conformations and intermolecular interactions
during transitions between thermodynamically stable crystal-
line and metastable amorphous states.50 These transitions in
Cu NCs are sometimes accompanied by changes in the excited
states, which result in different types of luminescence upon
mechanical stimuli.
In the present work, we have synthesized two luminescent

Cu NCs, Cu4 and Cu6, primarily protected by 2-mercaptoni-
cotinic acid (MNA-H2), following the strategy of ligand-
exchange-induced structural transformation (LEIST). Single-
crystal X-ray diffraction (SC-XRD) reveals their molecular
structures and other spectroscopic studies were used to
characterize them thoroughly. The Cu4 cluster emits green
luminescence, whereas Cu6 emits red in its crystalline state
under ambient conditions. Due to reversible phase trans-
formations, these clusters manifest “turn-off” luminescence
upon mechanical milling and partial luminescence recovery
upon exposure to solvent vapor. Density functional theory
(DFT) calculations provide a detailed understanding of their
structures and properties. These mechanoresponsive Cu NCs
with direct Cu−Cu bonds represent a burgeoning area of
research with potential for applications.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Copper iodide (CuI), 1,2-bis-

(diphenylphosphino)ethane (DPPE), sodium borohydride (NaBH4,
98%), and 2-mercaptonicotinic acid (MNA-H2) were purchased from
Sigma-Aldrich. Potassium bromide (KBr, IR grade) was obtained
from Sigma-Aldrich. Milli-Q water was used for purification. HPLC-
grade acetonitrile (ACN), methanol (MeOH), N,N-dimethylforma-
mide (DMF), and dichloromethane (DCM) were purchased from
Finar and Rankem Chemicals. All of the reagents and solvents were
used as received, without further purification.
Characterization Techniques. Optical absorption spectral

measurements were recorded using a PerkinElmer Lambda 365
UV−vis spectrometer with a bandpass filter of 1 nm. A Waters Synapt
G2Si high-definition mass spectrometer was used to measure the mass
of the NCs. The following conditions�flow rate of 20 μL/min,
capillary voltage of 3 kV, source temperature of 100 °C, desolvation
temperature of 150 °C, and gas flow rate of 400 L/h�were optimized
for ionization of the NCs in ACN. The photoluminescence spectra
were collected using a Jobin Yvon NanoLog fluorescence
spectrometer with a bandpass filter of 3 nm for emission and
excitation. A HORIBA DeltaFlex time-correlated single-photon
counting spectrometer equipped with a detector, HORIBA PPD-
850 (HORIBA Delta Diode 405 nm laser), was used to measure the

lifetime of the NCs. An FLS 1000 spectrometer with Fluoracle
software equipped with a xenon arc lamp was used for photo-
luminescence quantum efficiency measurements. To calculate
radiative and nonradiative decay rate constants (kr and knr), the
following formula was used, kr = Φ/τavg. and knr = 1/ τavg. − Φ(where
Φ is the quantum yield and τavg. is the average lifetime). A
PerkinElmer FT-IR JASCO-4100 spectrometer was also used (2 mg
of sample in 20 mg of dry KBr). X-ray photoelectron spectroscopy
(XPS) of NCs was recorded using an ESCA Probe TPD spectrometer
of Omicron Nanotechnology, equipped with a polychromatic Mg Kα
X-ray source (hν = 1253.6 eV). The binding energy of different
elements was calibrated for C 1s (285.0 eV). SCXRD data of single
crystals were collected using a Bruker D8 VENTURE instrument,
equipped with a Mo Kα radiation source (0.71073 Å) and a
PHOTON II detector. The structure was solved by SHELXT-2018
and refined by full-matrix least-squares techniques using the SHELXL-
2018 software package incorporated in the WinGX system version
v2018.3. For molecular-level DFT calculations, the Gaussian 09 D.01
program was used. Powder XRD data of microcrystalline solids were
collected using a D8 Advance Bruker instrument with a Cu Kα X-ray
source of 1.54 Å. Thermogravimetric (TG) analysis, derivative
thermogravimetry (DTG), and differential scanning calorimetry
measurements of microcrystals were recorded (25−1000 °C, N2 gas
flow 20 mL/min.) using a NETZSCH STA 449 F3 Jupiter instrument
equipped with Proteus-6.1.0 software. An optical microscope from
LEICA equipped with LAS V4.8 software was used to see the single
crystals of NCs at different magnifications and polarization angles.
Field-emission scanning electron microscopy (FESEM) images of
single crystals and their energy-dispersive X-ray spectroscopy analysis
were performed with a Verios G4 UC FEI instrument. Crystals were
drop-cast onto the substrate (TEM grid) and dried at room
temperature. The sample was sputter-coated with gold (Au) to
produce better-quality images.
Synthesis of [Cu18H16(DPPE)6]2+. The Cu18 NC was synthesized

following the procedure available in the literature.52 In brief, 95 mg of
CuI and 120 mg of DPPE were mixed in 13 mL of ACN. The metal
ion was then reduced with 180 mg of dry NaBH4. After 3 h of stirring,
an orange precipitate was formed. The residue was washed multiple
times with ACN and MeOH. After that, it was dissolved in DCM and
used for characterization.
Synthesis of Cu4 and Cu6 NCs. The Cu4 and Cu6 NCs were

synthesized by using a one-pot LEIST method starting from the Cu18
precursor. The purified Cu18 (∼35 mg) dissolved in 4 mL of DCM
was reacted with 15 mg of 2-mercaptonicotinic acid in 1 mL of DMF.
Initially, the reaction mixture was transparent and reddish. After 45
min, the solution became yellowish, and the reaction was stopped.
Cu4 was crystallized by hexane vapor diffusion to yield a crude
yellowish solution at 4 °C, whereas Cu6 was crystallized from the
crude solution at 4 °C. The yields of Cu4 and Cu6 NCs were 75 and
60%, respectively, for the Cu precursor. UV/vis spectra of clusters
were measured in acetonitrile.
Photoluminescence Measurement. Photoluminescence spectra

of microcrystalline Cu4 and Cu6 NCs (around 70−80 mg) were
measured. The Cu4 NC shows green emission (around 560 nm), and
the Cu6 NC shows red emission (around 755 nm). The nature of the
excited state of these clusters was verified through O2 sensitivity PL
experiments. Around 25 mg of the solid sample was taken in a glass
vial and kept under a vacuum for 1 h. O2 gas at atmospheric pressure
was exposed for 2 h, and the corresponding emission spectrum was
measured just after oxygen exposure. Temperature-dependent
(ranging from ambient room temperature to 200 °C) photo-
luminescence spectra of microcrystalline NCs were measured.
Mechanosensitive Luminescence. Mechanical milling and

solvent exposure studies were performed to evaluate the mechanor-
esponsive luminescence. The sample was ground in a mortar and
pestle at room temperature. The luminescence of these materials (Cu4
and Cu6 NCs) was vanished upon milling, while the luminescence was
regained after the diffusion of DCM and DMF vapors. This behavior
of clusters was monitored through PL and PXRD measurements. The
effect of other solvent vapors was also studied.
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■ RESULTS AND DISCUSSION
S y n t h e s i s a n d C h a r a c t e r i z a t i o n . T h e

Cu4(MNA)2(DPPE)2 and Cu6(MNA-H)6 clusters (Cu4 and
Cu6 subsequently) were synthesized under ambient conditions,
following the LEIST reaction in a DCM and DMF (4:1, v/v)
mixture, starting from [Cu18H16(DPPE)6]2+ as the precursor.
Details of syntheses are described in the Experimental Section
and in Scheme 1. Following the earlier report by Li et al., the
precursor cluster was prepared by reducing the Cu-DPPE
precursor.52 The essential characterization of the
[Cu18H16(DPPE)6]2+ cluster, including UV−vis and MS data,
is summarized in Figure S1. After a one-pot synthesis, Cu4 and
Cu6 clusters were separated efficiently through selective
crystallization. The Cu4 NC was crystallized as transparent
rhombus-shaped single crystals upon hexane vapor diffusion
into a DCM/DMF mixture at 4 °C. In contrast, the Cu6 NC
was crystallized as yellow hexagonal crystals via slow
evaporation of the reaction mixture at the same temperature.
These crystals were soluble in DMF and ACN. The as-grown
single crystals of Cu4 exhibited intense green emission, while
Cu6 crystals exhibited bright red luminescence under a ∼365
nm UV lamp.
Single-Crystal Structures. The molecular structures of

the clusters were determined by SC-XRD. An optical
microscopic image of the rhombus-shaped Cu4 crystals is
shown in Figure 1a. The FESEM micrograph further verified
the morphology of the crystals, and the EDS elemental
mapping shows the presence of Cu, S, N, O, and P in the
atomic weight percentages of 26.03, 12.75, 9.56, 13.63, and
7.01, respectively (shown in Figure S3e). SC-XRD revealed
that Cu4 was crystallized in an orthorhombic crystal system
with the space group of Pna21, having a cell volume of 5971.4
Å3 (Table S1). The structure of the cluster, including ligands,
is presented in Figure 1c. This cluster comprises a Cu4S2 core
protected by two mercaptonicotinic acid ligands and
phosphines. Two dimeric (Cu2) units are connected through
bridging S atoms, with Cu−S distances ranging from 2.211 to
2.937 Å. For these Cu2 units, one Cu center is tetra-
coordinated (one μ3-S, one P, one O, and one Cu), while the
other Cu is penta-coordinated (two μ3-S, one P, one N, and
one Cu). The Cu−Cu distances are in the range of 2.75−2.81
Å, revealing intermetallic cuprophilic interactions. Each DPPE

ligand is connected with the Cu2 unit through the P-end,
covering Cu−P distances of 2.170−2.221 Å. The MNA ligand
is connected to the Cu4S2 core through N and O atoms, where
the C−N bond distances are 2.016 and 2.026 Å and the Cu−O
bond distances are 1.917 and 1.981 Å, respectively. Four
molecules of the Cu4 cluster are presented in the unit cell
(Figure S4a). Single crystals of the Cu6 cluster were hexagonal
(Figure 1b). The FESEM micrograph shows the surface
morphology of the crystals, and the EDS elemental mapping
confirms the presence of elements Cu, S, N, and O with atomic
percentages of 34.58, 18.29, 5.29, and 10.26, respectively
(shown in the inset of Figure S3f). SC-XRD reveals that Cu6
was crystallized in a triclinic crystal system with the space
group of P-1, having a cell volume of 1923.8 Å3 (Table S3).
The asymmetric unit of the Cu6 NC is Cu3(MNA-H)3.3.5
DMF, as one of the DMF molecules is disordered around the
inversion center. This cluster is composed of a Cu6S6 core,
where two Cu3S3 chair-like geometries are interconnected by
Cu−Cu bonds, and it is protected by six 2-mercaptonicotinic
acids (shown in Figure S4b). The Cu−Cu bond distances in
each Cu3 unit are 2.696 and 2.765 Å, respectively, while the
Cu−S and Cu−N bond distances are 2.223−2.269 and 2.023−
2.058 Å, respectively (Figure S4d). One molecule was present
in each unit cell (Figure S4b). The extended structural packing
of Cu6 showed that the DMF molecules are entrapped in the
lattice, forming H-bonds with mercaptonicotinic acid ligands
(Figure S5b).
Other Characterizations. The molecular composition of

the clusters was analyzed through high-resolution mass
spectrometric studies using a Waters Synapt G2Si HDMS
instrument. Instrumental details and ionization conditions are
mentioned in the characterization part of the manuscript. The
Cu4 NC was ionized in positive ion mode with a characteristic
peak at m/z 1357.95 (1+), which corresponds to
[Cu4(MNA)2(DPPE)2]+. The experimental and theoretical
isotopic distributions agreed well (shown in Figure 2a, left
inset). Other prominent mass peaks observed at m/z 1380.90
(1+), 1396.94 (1+), and 1434.92 (1+) (marked as i, ii, and iii,
respectively) are attributed to sodium and potassium species
attached to the molecular ion of the cluster (Figure S7a,b).
Collision-energy (CE)-dependent fragmentation provides
further structural insight into the molecular species. Upon
increase in CE, another peak at m/z 960.28 was observed,

Scheme 1. Schematic Representation of the Synthesis of Cu4 and Cu6 Clusters Following the LEIST Method and Their
Crystallization
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which was assigned as [Cu4(MNA)2(DPPE)]+. This species
underwent a sequential loss of 44 mass units (due to CO2
losses) upon increase in CE, resulting in species at m/z 916.14
and 872.38, respectively. Another species [Cu2(MNA)-
(DPPE)]+ at m/z = 678.95 was observed as a product of
symmetrical dissociation, where the parent molecule under-
went a specific fragmentation that led to this new species. Loss
of CO2 yielded another species at m/z = 635.16. On the other
hand, Cu6 was ionized in negative ion mode. The molecular
ion peak was observed at m/z 1305.25 (1−), which
corresponds to [Cu6(MNA-H)5(MNA)]−. Experimental and
theoretical mass spectra match well (shown in the right inset of
Figure 3a). One MNA-H ligand loss yielded the peak at m/z
1151.12 (1−), which corresponds to [Cu6(MNA-
H)4(MNA)]− (Figure 3a). A further increase in CE to the
molecular ion peak yielded a loss of two ligands, and the peaks
at m/z 1151.12 (1−) and m/z 996.12) were observed. The

peak at m/z 996.12 corresponds to [Cu6(MNA-H)3(MNA)]−.
Sequential loss of 44 mass units from this species was observed
(shown in Figure 3b). The other fragmented species was at m/
z 715.64, which corresponds to [Cu3(MNA-H)2(MNA)]−.
Sequential loss of three −CO2 molecules yielded three other
species (shown in Figure 3b). The other fragmented species
was at m/z 715.64, which corresponds to [Cu3(MNA-
H)2(MNA)]−. Sequential loss of three −CO2 molecules
yielded other three species (shown in Figure 3b). The UV−
vis absorption spectrum of the Cu4 NC cluster in acetonitrile
shows peaks at 296 and 385 nm, revealing a characteristic
pattern indicating its molecular nature (Figure S2a). The Cu6
NC in acetonitrile exhibits UV−vis absorption features at 207,
238, 300, and 382 nm (Figure S2b). Time-dependent UV−vis
spectra indicate the structural stability of the cluster for up to
20 days (Figure S2). Comparative FT-IR studies were
performed to understand the binding of ligands to the

Figure 1. Optical microscopic images of the crystals of (a) Cu4 and (b) Cu6 NCs. Single-crystal structures of individual (c) Cu4 and (d) Cu6 (DMF
molecules in the Cu6 NC are removed for clarity). Structured packing (3 × 3 × 3 along the b-axis) of (e) Cu4 and (f) Cu6 NCs, respectively.
Atomic color code: orange = Cu, yellow = S, green = P, gray = C, red = O, blue = N, and white = H.
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molecular structure of Cu4 and Cu6 NCs. A strong vibrational
peak at 1605 cm−1 corresponds to the −COO vibration of the
bound mercapto acid group in the Cu4 NC. Another
prominent peak at 577 cm−1 is due to the Cu−S stretching
mode (Figure S8). Besides, moderately intense peaks at 1093,
1435, and 1380 cm−1 were observed due to C−O, C�C, and
C�N stretching, respectively. The Cu6 NC also shows a

similar type of spectrum except for two kinds of −COOH
stretching (Figure S9): one peak at 1696 cm−1 (uncoordinated
−COOH) and the other peak at 1390 cm−1 (−COO bonded
to Cu). The XPS spectra of Cu4 and Cu6 show the oxidation
state of the elements present in the cluster (Figures S10 and
S11). In the Cu4 NC, the Cu 2p region shows 2p3/2 and 2p1/2
features at 930.9 and 950.8 eV (Figure S10b), respectively, and

Figure 2. (a) Full-range high-resolution ESI MS spectrum of Cu4 in positive ion mode; the left inset shows the isotopic mass distribution of
theoretical and experimental spectra. (b) CE-dependent MS/MS fragmentation pattern of the molecular ion peak at m/z 1357.95 (1+).

Figure 3. (a) Full range high-resolution ESI MS spectrum of the Cu6 NC in negative ion mode; the right inset shows the isotopic mass distribution
of theoretical and experimental spectra. (b) CE-dependent MS/MS fragmentation pattern of the molecular ion peak at m/z 1305.25 (1−).
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the absence of the satellite peak suggests the metal-like zero
oxidation state for Cu. The XPS spectrum of Cu6 follows a
similar pattern (Figure S11). The presence of other elements is
also verified in the XPS analysis (Figures S10 and S11).
Thermogravimetric analysis (TGA) and DTG measurements
showed thermal stability of Cu4 and Cu6 NCs up to 325 and
267 °C, respectively (Figures S22 and S23).
Theoretical Understanding of the Electronic Struc-

ture. Initially, both the clusters (Cu4 and Cu6) were optimized
using the DFT method with the Gaussian 09 package,53 and
the optimized structures are shown in Figures S12a and S14a.
Further computational details are provided in the Supporting
Information. Using the optimized structures, electronic and
optical spectra were analyzed. For the Cu4 cluster, time-
dependent DFT (TD-DFT) calculations in the presence of
ACN solvent revealed two absorption peaks around 288 and
373 nm (Figure 4a), which closely resembled the exper-
imentally observed bands. These peaks correspond to the
transitions of HOMO−6 → LUMO + 20 (exp: 4.16 eV/296
nm) and HOMO−2 → LUMO + 7 (exp: 3.22 eV/385 nm),
respectively. The theoretical calculations also showed two
absorption bands in the low energy region around 408 and 468
nm, corresponding to the transitions of HOMO−2 → LUMO
+ 1 and HOMO → LUMO + 1, respectively. These transitions
are shown in Figure S13a. Kohn−Sham (K−S) molecular
orbital analysis indicated that the occupied MOs are composed
of Cu(d), O(s-p), and S(s-p) orbitals (Figure S13b), while the
unoccupied MOs are dominated by Cu(s-p), C(s-p), and N(s-
p) orbitals. Electronic structures of the cluster were studied by
conducting a projected density of states (PDOS) analysis using

the Vienna Ab initio Simulation Package and frontier
molecular orbital analysis.54−56 The middle of the plots was
set to zero to indicate the Fermi level. In this plot, orbitals with
negative energy are considered to be HOMOs, and orbitals
with positive energy are considered to be LUMOs. According
to the PDOS analysis, the valence band of the Cu4 NC consists
predominantly of Cu(d), C(p), O(p), and H(s) states, and the
conduction band is dominated by C(p) states (Figure 4c). The
absorption peak of 385 nm is majorly due to metal-to-ligand
transition (Figure S13). A TD-DFT calculation of the Cu6 NC
reveals four distinct optical absorption peaks (at 205, 240, 306,
and 348 nm), which correspond to HOMO−25 → LUMO + 1
(5.99 eV/207 nm), HOMO−10 → LUMO + 11 (5.21 eV/238
nm), HOMO−8 → LUMO + 1 (4.13 eV, 300 nm), and
HOMO−1 → LUMO + 4 (3.25 eV/382 nm) transitions, as
shown in Figure S15a. The K−S analysis shows the dominance
of core Cu(d) and S(s-p) orbitals in the occupied MOs, while
unoccupied MOs are dominated by C(s-p) orbitals, as shown
in Figure S15b. The PDOS analysis also agrees with the K−S
analysis (Figure 4d). Therefore, the optical transitions take
place mainly in the form of Cu-d (core) → C(s-p) (ligand)
and S (s-p) (core) → C(s-p) (ligand).
Photoluminescence. The emission characteristics of Cu4

and Cu6 NCs were studied by photoluminescence spectrosco-
py. The NCs are nonemitting in solution (DMF and ACN),
whereas bright luminescence appears in the solid crystalline
state (Figures S16 and S17). The bulkiness of the ligands plays
an essential role in decreasing the molecular motions, which
helps to increase the radiative processes. Restriction of bond
rotations and vibrations becomes more prominent in the solid

Figure 4. (a, b) Correlation between experimental absorption spectra (sample in acetonitrile solvent) and theoretical spectra (in solvent medium)
of Cu4 and Cu6 NCs; the insets show the HOMO and LUMO of the respective clusters. (c, d) PDOS spectra of Cu4 and Cu6 NCs with respect to
individual atomic orbitals (VB, valence band and CB, conduction band).
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or well-ordered crystalline state due to strong intermolecular
interactions (CH−π, CH−CH, and π−π), resulting in intense
luminescence. A similar mechanism occurs for Cu4 and Cu6
NCs in their extended solid-state packing, which makes them
emissive. In solution, molecules rotate freely and molecular
vibrations dominate, which are responsible for quenching
radiative paths. As a result, no luminescence was observed from
the molecules in solution. Similarly, Cu clusters (Cu4 and Cu6)
are nonluminescent in solution. Such an emission profile is
reminiscent of several ultrasmall Cu NCs.45,46 The Cu4 NC
shows emission maxima around 560 nm upon excitation at 370
nm. In comparison, Cu6 emits at 755 nm at an excitation of
410 nm. Ligands in such small clusters play a role in charge
transfer (ligand to metal charge transfer or vice versa).18,37−39

Emission lifetimes were measured to understand the role of
excited states in luminescence. The Cu4 NC exhibits a
monoexponential decay lifetime of 0.84 μs (Figure 5c). On
the other hand, the Cu6 NC exhibits biexponential decay
lifetime components of 205 ns and 2.04 μs with relative
amplitudes of 22 and 78% (Figure 5d). Thus, the average
lifetime of the Cu6 NC was 1.64 μs. Upon oxygen exposure,
the PL intensity for both the clusters was quenched, which
indicates phosphorescence (Figures S18 and S19). Temper-
ature-dependent luminescence from room temperature to 200
°C shows a gradual decrease in emission intensity (Figures S20
and S21). Using the integrating sphere method, we estimated
the photoluminescence quantum efficiencies of 9.56 and 1.59%

for microcrystalline Cu4 and Cu6 NCs, respectively. For the
Cu4 NC, the calculated radiative decay rate constant (kr) was
1.1 × 105 s−1 and the nonradiative decay rate constant (knr)
was 1.2 × 106 s−1. On the other hand, for the Cu6 NC, the
calculated radiative decay rate constant (kr) was 9.7 × 103 s−1

and the nonradiative decay rate constant (knr) was 6.1 × 105
s−1.
Mechanosensitive Luminescence. External stimuli such

as temperature and pressure sometimes have an effect on the
photophysical properties of luminescent materials. In this
context, Cu-based materials with structure-specific lumines-
cence are interesting (Table S5). Phosphine-protected
luminescent Cu clusters with small nuclearities are sensitive
to stimuli. This is reportedly due to the shortening of the Cu−
Cu bond length upon applied pressure.49,50 In our work, Cu4
and Cu6 NCs exhibit “turn-off” luminescence upon ambient
mechanical milling. Green (560 nm) and red emission (755
nm) of Cu4 and Cu6 are lost in the process, but solvent
diffusion brings them back to the emissive state (Figure 6a,b).
The applied force provides pressing and shearing along
different directions of the molecular structure and disrupts
the extended solid-state packing. As a result, the crushed and
ground samples lose their well-ordered structure, accompanied
by quenching of luminescence originating from tight packing
(Figure S5). This type of transition was monitored by powder
XRD. It revealed the phase change of the NC materials during
mechanical milling and solvent vapor exposure (Figure 6e,f).

Figure 5. PL excitation and emission spectra of (a) Cu4 and (b) Cu6 NCs in the solid crystalline state. Insets show the photographs of respective
clusters in microcrystalline powder form. Luminescence decay profiles of (c) Cu4 and (d) Cu6 NCs.
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Powder XRD peaks for both NCs match the theoretical data
well, indicating the sample’s crystalline purity. The ground
NCs exhibit very few broad peaks in the powder XRD pattern,
which reveals their nearly amorphous nature. PL was quenched
for the ground sample. The reappearance of sharp diffraction
peaks upon vapor diffusion shows reversible crystallinity
induced by solvent molecules. The ground Cu4 NC regains
its emission within 30 min upon DCM vapor diffusion,
whereas the Cu6 NC takes around 120 min to regain emission
by DMF vapor. The broadness of emission spectra is likely due
to the materials’ structural heterogeneity. Literature suggests
that partial PL quenching is likely due to some permanent
defects created when mechanical force is applied.50 Roles of
different solvents (volatile organic compounds and water) on
luminescence recovery of the ground material were checked
(Table S6). There were no significant changes in the emission
wavelength in all of the cases. Polar solvents with H-bonding

ability play a crucial role in reverting the crystallinity and
luminescence of the Cu6 NC. It suggests the importance of
noncovalent interactions between the ground NC and the
solvent molecules.

■ CONCLUSIONS
This work presents the synthesis and characterization of a pair
of luminescent mechanochromic Cu NCs. SC-XRD reveals
flattened boat-like Cu4S2 and adamantane-like Cu6S6 kernel
structures for Cu4 and Cu6 clusters, respectively. Both the
nanomaterials show bright luminescence in their crystalline
state, which relaxes in solution, making them nonemitting. The
Cu4 cluster shows green emission under exposure to UV light
(365 nm), whereas Cu6 shows red emission. The small cores of
Cu4S2 and Cu6S6 are sensitive to mechanical milling, losing
their luminescence but regaining it upon exposure to solvent
vapors. The switchable mechanochromic luminescence ex-

Figure 6. Mechanosensitive luminescence study. Photographic images of (a) Cu4 and (b) Cu6 NCs under 365 nm UV light. PL spectra of (c) Cu4
and (d) Cu6 NCs after ambient mechanical milling and vapor exposure. Comparative powder XRD patterns of microcrystalline (e) Cu4 and (f) Cu6
NCs.
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hibited by these Cu NCs opens up possibilities for
technologies such as strain sensing and chemical sensing.
The ability to control luminescence through mechanical
stimuli adds new attributes to such materials.
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