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ABSTRACT: Cluster-assembled luminescent microstructures built with
metal nanoclusters (NCs) represent a promising class of nanomaterials
with diverse applications in photonics and sensing. In this work, we have
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Solvent-induced cluster-assembled nanospheroids

designed a strategy to make a photoluminescent material by assembling A 3 DMFIH;0 =0 content (%)

atom-precise NCs of [Cug(TFMPT),(DPPE),] (abbreviated as Cug), where ‘ WAEEN
TFMPT is 4-hydroxy-6-(trifluoromethyl) pyrimidine-2-thiolate and DPPE is N

1,2-bis(diphenylphosphino)ethane. Single-crystal X-ray diffraction (SC-
XRD) reveals a unique tetracapped tetrahedral Cug core structure. Upon
gradual addition of water (5S0—8S5 vol %) to the visibly nonluminescent
dimethylformamide (DMF) solution of the clusters, a strong orange
luminescence (emission at 625 nm under ultraviolet (UV) light) was Tum-on o 4 Tum-off
observed. It is due to the formation of spheroidal assemblies of nanometer
dimension. The cluster-assembled spheroids (CASs) are formed due to
hydrophobic interactions among clusters as the concentration of water increases in the solution. Time-correlated single-photon
counting reveals that the lifetime of luminescent aggregates is on a microsecond scale, which suggests phosphorescence. Such
phosphorescent CASs show a fast response, high selectivity, and naked-eye detection of volatile amines (VAs). Spectroscopic studies
and density functional theory (DFT) calculations provide an in-depth understanding of luminescence quenching of CASs and a
mechanistic understanding of ammonia and trimethyl amine sensing. The limits of detection (LoD) of ammonia and trimethyl
amine were measured to be 0.568 X 10~ M (0.001 ppm) and 0.362 0.568 X 10~ M (0.002 ppm), respectively. Overall, apart from
enriching the family of copper clusters, this work additionally introduces a new photoluminescent material for volatile organic amine
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(VOA) compound sensing of environmental relevance.

B INTRODUCTION

Atomically precise noble metal nanoclusters (NCs) of size
below ~3 nm belong to a class of novel nanomaterials,
endowed with molecule-like discrete energy levels, photo-
luminescence, chirality, magnetism, etc.' In the last two
decades, intense efforts on the synthesis, characterization, and
diverse applications of silver and gold NCs have been reported.
However, copper NCs have received comparatively less
attention due to the easy oxidation of copper under air (E°
values of Au*/Au, Ag*/Ag, and Cu*/Cu are 1.69, 0.79, and
0.52 V, respectively).” Notwithstanding this limitation, Cu
NCs need to be explored because of their earth abundance and
consequently low cost, nontoxicity, and high catalytic activity.
Tuning the synthesis and crystallization methods has been
used intensely to obtain the structures of several small and
moderately sized copper clusters (e.g., Cu,, Cus, Cug Cuy,,
Cuyy, Cuys, Cuyy, Cuyg, Cugy, Cugy, Cugs, Cugg, and Cuy36) with
appropriate ligand protection.””

Photoluminescence is one of the fascinating properties of
ultrasmall noble metal NCs used for applications in nano-
photonics and optical sensing. Copper clusters with intense
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emission, good photostability, and high yield of synthesis make
them promising luminescent materials for optoelectronic
applications."”"* Such luminescent Cu NCs show similar
characteristics such as large Stokes shift and long emission
lifetimes in comparison to the conventional luminescent
materials (organic dyes and semiconductor quantum
dots).">™" To enhance the photoluminescence of such
clusters, researchers have used several approaches such as
surface functionalization, alloying, host—guest interaction, and
aggregation-induced emission (AIE)."*7*2° Out of such
approaches, AIE occurs very frequently for Cu NCs. In the
aggregated state of clusters, metallophilic interactions,
restricted motion of ligands, and enhanced radiative relaxation
pathways result in enhanced photoluminescence intensity
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Figure 1. (a) Optical images of single crystals of the Cug nanocluster (scale bar 100 ym). (b) Full structure of ligand-protected Cug cluster
(hydrogens are removed for clarity) with crystallized DMF molecules. (c) Cug core structure. (d) Binding sites of ligand part to Cu. (e) Structured
packing (3 X 3 X 3) of Cug nanocluster along the a-axis. (f) Different noncovalent interactions within ligands and crystallized DMF molecules.
Atomic color code: orange = Cu, yellow = S, green = P, gray = C, red = O, blue = N, light green = F, and white = H.

compared with isolated NCs.”® The aggregation phenomenon
is driven by intercluster interactions or electrostatic attractions
(dipole—dipole, hydrogen bonding, metallophilic interactions,
and hydrophobic interactions) arising through ligands.”*~*
The emission wavelength in such aggregates is highly
determined by interatomic distances and compactness of
assembled metal NCs.”® The origin of photoluminescence due
to the aggregation and self-assembly of metal NCs is a
burgeoning area of research.

Recently, cluster-assembled materials have emerged as
promising candidates for various sensing applications, related
to environmental contamination and human health.”’~*’
Nowadays, environmental contamination due to the release
of volatile organic amine (VOA) compounds from industrial
fertilizers and biological degradation processes is a matter of
concern to public health and water bodies.’”*" Although there
are many analytical techniques available for their detection
such as high-performance liquid chromatography, gas
chromatography—mass spectrometry, capillary electrophoresis,

Raman scattering, and electrochemical methods, new strategies
are essential for efficient detection of VOAs.>> This is made
possible by the discovery of highly sensitive materials.

In this work, we have synthesized a copper nanocluster
[Cug(TFMPT),(DPPE),] following the strategy of ligand-
exchange-induced structural transformation (LEIST), where
TFMPT is 4-hydroxy-6-(trifluoromethyl) pyrimidine-2-thiolate
and DPPE is 1,2-bis(diphenylphosphino)ethane. The cluster in
dimethylformamide (DMF) was crystallized by the slow
evaporation of solvent at ambient temperature. The Cug core
is composed of a unique tetracapped tetrahedral geometry.
Interestingly, the Cug cluster, which remains nonemissive in
both solid and solution states, displays intense orange
luminescence when mixed with water (vol %, 50—85%). The
origin of luminescence is attributed to the formation of cluster-
assembled spheroids (CASs). Such CASs exhibit “turn-off”
luminescence in the presence of amines (liquid and vapor) due
to the binding of such molecules with clusters. Altogether, this
work presents an unexplored Cug nanocluster manifesting
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Figure 2. (a) UV—vis absorption spectrum of Cug nanocluster in acetonitrile, inset photographic images of the cluster in acetonitrile and full
structure. (b) Full-range high-resolution ESI-MS of Cug nanocluster in positive mode; inset shows exact matching of experimental (black) and
simulated (red) spectra. Inset shows the molecular ion peak at low abundance.

solvent-induced aggregation and the use of resulting assemblies
for amine sensing,

B RESULTS AND DISCUSSION

Synthesis and Characterization. The
[Cug(TEMPT),(DPPE),] nanocluster, abbreviated as Cug,
was synthesized under ambient conditions following the
LEIST reaction, starting from the [Cu,gH,s(DPPE)4]*"
(abbreviated as Cu,g) nanocluster. The synthesis protocol is
described in the Experimental Section. The precursor Cu;s NC
was synthesized following an earlier report.”’ Essential
characterization of the Cu;gz NC is covered in Figure SI.
Synthesized Cug cluster was crystallized as colorless sheet-like
single crystals from the reaction mixture via slow evaporation
of the solvent DMF under ambient conditions (Figure 1a).

Single Crystal Structure. The molecular structure of the
cluster was determined by single-crystal X-ray diffraction (SC-
XRD). The field emission scanning electron microscopy
(FESEM) micrograph (gold sputtered on single crystals to
reduce charging effect and improve image contrast) further
verified the sheet-like surface morphology of the crystals
(Figure S2a), and energy dispersive spectroscopy (EDS)
elemental mapping shows the atomic composition as Cu
(3.22%), S (0.96%), N (2.92%), O (22.08%), P (1.73%), and F
(3.99%) (Figure S2d). SC-XRD reveals that Cug was
crystallized in a triclinic crystal system with the space group
of P-1 having a cell volume of 6510.8 A® (brief crystallographic
details are summarized in Table S1 in SI). The ORTEP
representation of the Cug cluster is drawn at the 50%
probability level showing the arrangement of copper atoms
(Figure S8). The Cug cluster core is composed of two
interpenetrating puckered Cu4S, units. Some reports suggest
that most of the Cug cluster cores are branched chain, fused
tetrahedron, or cubic (summarized in Figure $3).>>7* We
report a tetracapped distorted tetrahedral Cug core structure,
distinctly different from those known already (Figure 1b). The
entire molecular structure contains a Cug kernel protected by
1:1 thiol (TFMPT-H,) and phosphine (DPPE). The inner
[Cu,)iq is protected by four units of Cu(HTFMP)(DPPE)
making a compact CugS, core. Each Cu atom of the outer
[Cu,]y is coordinated by one DPPE ligand. Careful analysis of
single crystal structure indicates that thiols play a unique role

in stabilizing the core structure. The N and O sites of thiol
coordinate to inner and outer Cu, respectively, which provides
rigidity to the core. The Cu—Cu distance in the inner [Cu,]
unit is 2.572—2.596 A, which is slightly longer than that in bulk
copper. All S atoms are y; bridging and the Cu—S distance is
2.240—2.386 A (Figure S4e). The Cu—N, Cu—O, and Cu—P
bond distances are 1.991—1.998, 2.042—2.078, and 2.235—
2.386 A, respectively (Figure S4f—h). In the CugS, framework,
copper and sulfur are arranged in tetrahedral units
([Cus)inner@S4@[Cuy)oueer). Two molecules are present in
each unit cell (Figure S4a). We observed two cocrystallized
DMF molecules with one Cug cluster (Figure 2b). In the
extended lattice, clusters are packed through noncovalent
interactions such as CH---O, CO---F, CH:-- n, CH-+ F, and
CH--- CH with distances of 2.57, 2.98, 6.87, 2.414, and 2.184
A, respectively (Figure 1f). These interactions contribute to
the stabilization and organization of the clusters within the
crystal lattice (Figure le).

Other Characterization Data. The UV—visible (UV—vis)
absorption spectrum of Cug NC in acetonitrile (ACN) shows
three absorption peaks at 223, 263, and 330 nm, respectively
(Figure 2a). The absorption features of the cluster in ACN
show stability for up to 15 days (Figure SS). High-resolution
ESI-MS spectrum in the positive ion mode shows a molecular
ion peak at m/z 2878.65 (Figure 2b), which is assigned to
[Cug(TEMPT),(DPPE),]*. Another peak was observed at m/
z 2225.53 (1+), which corresponds to the molecular
composition, [Cu,(TFMPT);(DPPE);]*. The isotopic distri-
butions of the experimental and theoretical spectra agreed well
with each other (inset of Figure 2b). Upon an increase in the
collision energy (CE), thiol and phosphine losses were
observed from [Cu,(TFMPT),;(DPPE),] (Figure S6). X-ray
photoelectron spectroscopy (XPS) analysis shows the presence
of all elements in the crystal structure of Cug NC, as described
in Figure S7. The spectral regions of Cu 2p;/, and 2p,,, at
932.5 and 952.4 eV, respectively, suggested the presence of
mixed Cu’ and Cu' oxidation states, which were also supported
by the Cu LMM Auger peak at 570 eV (inset of Figure S7).
Such types of oxidation states in copper nanoclusters were also
previously reported.”** Fourier transform infrared (FTIR)
spectroscopy study indicates the binding of ligand to cluster
core (Figure S9). The vibrational signal of —SH (~2565 cm™)
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Figure 3. (a) Experimental absorption spectrum (black) of Cug nanocluster and correlation with the theoretical spectrum (red); inset shows
electronic transitions associated with the respective absorption features. (b) HOMO and LUMO of Cug nanocluster. (c) Projected density of states
of Cug nanocluster with respect to individual atomic orbitals (VB = valence band and CB = conduction band). (d) KS energy diagram of the cluster

representing the electronic transitions.

and —OH (~3170 cm™") peaks was not observed in FTIR of
the cluster confirming the thiol bound to the metal core
through S and O sites.

Theoretical Understanding of the Electronic Struc-
ture. Time-dependent density functional theory (TDDFT)
has been carried out using B3LYP and 6—31G* level of theory
implemented in the Gaussian 09 package to gain insights into
electronic energy levels and associated optical properties of the
*' The simulated UV—vis spectrum is in good
agreement with the experimental spectrum of the cluster
dissolved in acetonitrile (Figure 3a). TDDFT reveals three
distinct optical absorption peaks (at 223, 263, and 330 nm),
which are due to transitions of HOMO — 2 — LUMO + 19
(5.61 eV/221 nm), HOMO — 2 — LUMO + 9 (4.68 eV/265
nm), and HOMO — 2 — LUMO + 1 (3.92 eV/316 nm),
respectively, as mentioned in Figure S10. The electron density
maps of these molecular orbitals, along with the Kohn—Sham
(KS) molecular orbital analysis indicate that the electronic

cluster.

transitions primarily occur from the core d and p orbitals of Cu
and S, respectively, to the p orbitals of C and N in the ligand
region. To gain better insights into the electronic properties of
Cug NC, we have performed a projected density of state
(PDOS) analysis using the Vienna Ab initio Simulation
Package.”” The valence band edges are dominated by the
Cu(d) state; on the other hand, the conduction band edges are
dominated by the states of ligand (specifically C) of the Cug
NC. This finding aligns well with the TDDFT analysis and
altogether suggests a possibility of core-to-ligand transitions.

Formation of Cluster-Assembled Spheroids and
Photophysical Properties. A mixed solvent strategy was
used for the preparation of luminescent spheroidal assemblies
with a range of nanometric dimensions (Figure 4e). Literature
suggests that such an assembly by MNCs is energetically
favorable, as shown by molecular dynamics (MD) studies.*
Cug NCs are stabilized by a combination of hydrophobic and
hydrophilic ligands (thiol and phosphine) and are well
dispersed in DMF. When water is added to the cluster in
DMEF, the polarity of the local environment changes, which
drives the aggregation of such clusters leading to stable
noncovalent interactions (C—H--x, z--m, CH-F, etc.)
forming spheroidal assemblies. The formation of such spherical
morphology of cluster-assembled structures is possibly due to
the minimization of surface energy.*”** We have performed
additional self-assembly experiments to show the role of other
polar protic solvents (methanol/MeOH, ethanol/EtOH, n-
propanol/n-PrOH, n-butanol/n-BuOH, and ¢-Butanol/t-
BuOH, 80% volume fraction of solvents). In all cases, we
found no assembly formation, which does not result in any
emission under UV (Figure S11). Based on these experiments,
we anticipated that the polarity of the medium (dielectric
constant for water) plays a key role in forming such assembled
spheroids. Dynamic light scattering (DLS) measurement
shows a larger size of aggregates as the volume % of water is
increased up to 80% (Figure S12). FESEM shows the growth
and size of such spheroids with different dimensions (Figure
S13). Transmission electron microscopy (TEM) image shows
the spheroid shape of aggregates (Figure S14). The restriction
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Figure 4. (a) Schematic illustration of the assembly of clusters within the spheroids. (b) A photograph of the samples in volume % of water under
UV light exposure, showing the solvent-induced aggregation property of the cluster. (c) A schematic diagram distinguishing PL decay pathways of
monomeric clusters and aggregates. (d) PL spectra at different volume % of water. (e) FESEM shows the morphology of as-synthesized spheroids
(80% volume fraction of water) and (f) TCSPC decay curve of aggregates (80% volume fraction of water).

of molecular vibrations and rotations within these spheroids
enhances their radiative decay, which leads to an orange
emission. Generally, the aggregated clusters have different
excited states PL and lifetimes compared with monomeric
clusters, which enrich their photophysical properties.*>*’
Time-correlated single-photon counting (TCSPC) measure-
ments show that CASs exhibit phosphorescence with lifetimes
of 7,4, 3.3 s/80%, T, 2.6 yis/85%, Ty, 0.7 ps/60%, and 7,,,
0.7 us/50% (Figure S15), with volume % of water mentioned
in each case. The effect of pH on the luminescence of CASs
(using an 80% volume fraction of water) was monitored. The
as-prepared CASs show pH-switchable orange emission
(Figure S16). The emission feature vanished at pH ~10,
which reappeared at pH ~5 (using sodium hydroxide and
acetic acid, respectively). A red shift (~5 nm) with an increase
in PL intensity was observed by changing the pH of the
solution from 10 to S.

The pH-triggered luminescence reversibility was monitored
for up to S cycles by altering the pH (from 10 to S, or vice
versa) of the solution (Figure S16b). The pH-induced
modulation in PL properties is possibly due to the charge
transfer phenomenon between metal core and ligand. Upon

protonation of free nitrogen site of bipyrimidine moiety at pH
~§, the charge transfer becomes facile, while deprotonation at
pH ~10 disturbs the charge transfer. The morphology of CASs
in pH ~10 changes, which may be due to the interaction
between cluster and base (Figure S16¢).*”” PL decay upon
oxygen exposure to the luminescent aggregates supports that
their emission occurs from the triplet excited state (Figure
S17). Such aggregates retain their emission even for up to 30
days (Figure S18). Temperature-dependent PL was measured
from room temperature to 200 °C (Figure S19), and it shows a
gradual decrease in emission. The powder X-ray diffraction
spectrum of synthesized Cug NC was measured using 30 mg of
powder sample showing crystallinity behavior similar as
predicted from single crystal structure (Figure S$24).
Thermogravimetric analysis (TGA) and derivative thermog-
ravimetry (DTG) analysis together show that the initial mass
loss is due to solvent molecules, and then the major mass loss
is due to bond breakage of the cluster (Figure S25).
Volatile Amine Compound Sensing. To expand the
application of such luminescent aggregates, a sensing experi-
ment was performed for the detection of amines. They show
“turn-off” luminescence in both liquid and vapor states of
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Figure 5. (a) Schematic illustration of luminescence quenching upon ammonia and trimethyl amine (in liquid and vapor) exposure, respectively.
(b, ¢) PL quenching upon amine (NH; and NMe;) exposure, respectively; inset shows representation of spheroids in turn-on and turn-off
conditions. (d, e) Bar diagram showing the selectivity to different solvents/acids and other gases, significant quenching was observed for amine

vapor.

amines (Figure 5a). To carry out the luminescence quenching
experiment, the luminescent aggregates (80% volume fraction
of water, ~1.5 mg) were drop cast onto a graphite strip
(Experimental Section in SI), and it was dried in an air oven (1
h, 40 °C). After that, the coated strip was exposed to amine
vapor (300 yL of ammonia, trimethyl amine, diethyl amine,
dimethyl amine, triethyl amine, and ethylene diamine in a
closed container of 15 mL). The emission of CASs was
quenched spontaneously in all cases (Figures Sb,c and S20). A
detailed study of luminescence quenching was performed on
NH; and NMe; due to their relevance to foodstuffs (fish and
chicken) spoilage.** Experiments were also performed to show
the material’s usability in realistic samples. The freshly
prepared luminescent aggregates (80 vol % fraction of water)
were drop casted on a strip and dried in oven (50 °C for 10
min.). Then the strip was exposed to spoiled fish and chicken
kept inside the container (SI, page S3), and no emission of
aggregates (365 nm UV light) was observed. The rate of
decrease in PL intensity upon amine exposure (Figure S21)
was recorded, which suggests that luminescence quenching
upon NHj vapor exposure occurs more rapidly compared with
NMe; (8 and 12 min, respectively, Figure S21). Such
luminescent CASs can detect NH; and Me;N with an ultralow
detection limit of 0.568 X 10~ M and 0.362 0.568 X 10~ M
(0.001 and 0.002 ppm), respectively (Figure S$22), which is
better or comparable to previous reports on NH; and Me;N
sensing by different materials.”” UV—vis spectra indicate that

the cluster remains stable after amine (NH; and Me;N)
sensing experiments (Figure S23). Further, to check the
sensitivity of the material, the emission was measured for a
broad range of volatile solvents, nitroaromatics, and other
gases, which do not show any significant reduction in the
emission intensity (Figure Sde). DFT calculations were
performed to investigate the “turn-oft” luminescence of CASs
upon amine (NH; and NMe;) exposure. The calculated
adsorption energies for NH; and NMe; were —0.48 and —0.62
eV, respectively (inset of Figure 6a). These values confirm the
spontaneous binding of amines to the surface of the cluster.
Additionally, charge density difference (CDD) analysis
revealed the charge accumulation on the cluster surface due
to bound amines (NH; and NMe;) and Cug NC, respectively
(Figure 6b,c). Interaction between cluster and amine possibly
causes nonradiative decay leading to “turn-off” luminescence.

B CONCLUSIONS

In summary, we have prepared a new Cug nanocluster,
primarily protected by a 4-hydroxy-6-(trifluoromethyl) pyr-
imidine-2-thiol ligand. Copper atoms are arranged in a
tetracapped distorted tetrahedral geometry, which makes the
core unique over the Cug clusters reported so far. The cluster,
as a discrete molecular entity, does not show luminescence in
solution and the crystalline state; however, it shows bright
luminescence due to the formation of cluster-assembled
spheroids upon the addition of water as the antisolvent. The
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photoluminescence lifetime decay profile shows that the as-
synthesized luminescent spheroids are phosphorescent, and
their lifetime increases with the amount (50—80 vol %) of
water. Such luminescent spheroids were explored exclusively
for rapid sensing of volatile amines (NH; and Me;N) with
ultralow detection limits of 0.001 and 0.002 ppm, respectively.
In conclusion, this work introduces a novel cluster-assembled
spheroid featuring a distinctive Cug core structure that exhibits
“turn-oft” luminescence and fast sensing for volatile amines.
This systematic study will help expand interest in such
materials.

B EXPERIMENTAL SECTION

Materials and Chemicals. Copper iodide (Cul), 1,2-bis-
(diphenylphosphino)ethane (DPPE), sodium borohydride (NaBH,,
98%), and 4-hydroxy-6-(trifluoromethyl) pyrimidine-2-thiol
(TFMPT-H,) were purchased from Sigma-Aldrich. Potassium
bromide (KBr, IR grade) was obtained from Sigma-Aldrich. Milli-Q
water was used for purification. High-performance liquid chromatog-
raphy (HPLC)-grade acetonitrile (ACN), methanol (MeOH), N,N-
dimethylformamide (DMF), amines (ammonia/25% aqueous,
trimethyl amine/30% aqueous, diethyl amine, dimethyl amine, triethyl
amine, and ethylene diamine), alcohols (methanol, ethanol, n-
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propanol, n-butanol, t-butanol, tetrahydrofuran, and dimethyl
sulfoxide), acids (2-chloropropanoic acid and acetic acid), and nitro
compound (2-nitrotoluene) were purchased from Rankem and Finar
chemicals. All of the reagents and solvents were used without further
purification.

Characterization Techniques. A PerkinElmer Lambda 365 UV—
vis spectrometer with a bandpass filter of 1 nm was used to record the
absorption spectra of the cluster in solution. The mass of nanoclusters
(NCs) was measured in a Waters Synapt G2Si high-definition mass
spectrometer. The following conditions, a flow rate of 15 pL/min, a
capillary voltage of 2.95 kV, a source temperature of 100 °C, and a
desolvation temperature of 150 °C with a gas flow rate of 400 L/h,
were applied for ionization of NCs. The photoluminescence (PL)
spectra of spheroidal assemblies were recorded using a Jobin Yvon
Nanolog fluorescence spectrometer with a bandpass of 3 nm for
excitation and emission. The lifetime of luminescent assemblies was
measured using the HORIBA DeltaFlex time-correlated single-photon
counting (TCSPC) spectrometer equipped with the detector
HORIBA PPD-850 (HORIBA Delta Diode 405 nm laser). Fourier
transform infrared spectroscopy was recorded using a PerkinElmer
FT-IR JASCO-4100 spectrometer (4 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 Nano-
technology, equipped with a polychromatic Mg Ka X-ray source
(hv = 1253.6 eV). The binding energy of different elements was
calibrated for C 1s (285.0 eV). Single-crystal X-ray diffraction (SC-
XRD) data of single crystals were collected using a Bruker D8
VENTURE instrument equipped with a Cu Ka radiation source (1.54
A) 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 calcu-
lations, the Gaussian 09 D.01 program was used. Powder X-ray
diffraction data of microcrystalline solids was collected using a D8
Advance Bruker instrument with Cu Ka X-ray source of 1.54 A.
Thermogravimetric (TG) analysis, derivative thermogravimetry
(DTG), and differential scanning calorimetry (DSC) measurements
of microcrystals were recorded (25—1000 °C, N, gas flow of 20 mL/
min.) using a NETZSCH STA 449 F3 Jupiter instrument equipped
with Proteus-6.1.0 software. An optical microscope of LEICA
equipped with LAS V4.8 software was used to view 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 and
aggregates were drop cast on the substrate (TEM grid) and dried at
room temperature. The sample was then sputter-coated with gold
(Au) to produce better-quality images. For transmission electron
microscopy (TEM), a Talos F200i instrument operated at 300 kV was
used.

Synthesis of [Cu,gH5(DPPE)gF*. Cu,g nanocluster was synthesized
following the procedure available in the literature.”® For one set of
reactions, 95 mg of Cul and 120 mg of DPPE were mixed in 13 mL of
ACN, and then the metal ion was reduced with 180 mg of dry NaBH,.
After 3.5 h of stirring, an orange precipitate was formed. The residue
was washed multiple times with ACN and MeOH. Finally, the cluster
was dissolved in DCM and used for further studies.

Synthesis of Cug NC. Cug nanocluster was synthesized following
the LEIST method using Cu,g nanocluster as the precursor. Freshly
prepared Cu;g NC was dissolved in 4 mL of DMF and then reacted
with 15 mg of 4-hydroxy-6-(trifluoromethyl) pyrimidine-2-thiol
(TFMPT-H,) in 1 mL of DMF. After 4 h, the reaction mixture
becomes the transparent solution. The as-synthesized cluster was kept
for crystallization at room temperature. After 10 days, sheet-like single
crystals were grown. The yield of Cug NC is around 70% with respect
to the Cu precursor.

Formation of Luminescent Aggregates. To the freshly prepared
Cug cluster in the DMF solution, different volume percentage of water
was added. After 50% volume fraction of water, luminescence starts
appearing in solution due to the formation of cluster-assembled

spheroidal assemblies, as revealed by field emission scanning electron
microscopy (FESEM) and dynamic light scattering (DLS) study.

Volatile Amine Compound Sensing. The freshly prepared
luminescent aggregates were drop cast on a strip and dried in an
oven (50 °C for 10 min). These strips were exposed to a gaseous
amine environment. For practical applicability, food spoilage (fish and
chicken) was monitored. The experimental setup is mentioned in the
Supporting Information.

Computational Details. For molecular-level DFT calculations, the
Gaussian 09 D.01 program has been used.”'® The Becke’s three-
parameter hybrid exchange functional and Lee—Yang—Parr’s
(B3LYP) correlation functional with Pople’s 6—31G* basis set were
used for nonmetal elements along with LANL2DZ-ECP (effective
core potential) for Cu atoms, respectively.”"™ For all of the
calculations, an implicit solvation model based on density (SMD)
has been adopted for N,N-dimethylformamide solvent (& = 37.219) to
mimic the experimental conditions.*"’ In the TDDFT calculations,
500 singlet-to-singlet excitation energies were considered. The Kohn—
Sham orbital analysis has been performed using Multiwfn.*'*

The Vienna Ab initio Simulation Package (VASP) was employed
for periodic boundary condition-based calculations with generalized
gradient approximation of Perdew—Burke—Ernzerhof (PBE) functio-
nal.*"™ The projector augmented wave (PAW) method was used to
treat ion—electron interactions.*™® The ionic relaxations were
carried out using a conjugate gradient algorithm with convergence
criteria of 107 eV and 0.02 eV A™! for minimum energy and force,
respectively. Owing to the large size of the unit cells of the
compounds, the Brillouin zone was sampled at the y point (1 X 1 X
1). The charge density differences (CDD) (pcpp) have been
calculated following eq 1 and plotted using visualization for electronic
and structural analysis (VESTA) software.*"

__total fragments
Pcop =P~ Z s (1)
i

where p is the total charge density of CugNC with adsorbates and
p8ments s the charge density of the individual fragments.
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