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ABSTRACT: Thermally activated delayed fluorescence (TADF)
in metal nanoclusters (MNCs) is an effective strategy to harvest
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substantiating the TADF mechanism. DFT calculations performed
on the crystal geometry of the CuNCs further attested to the TADF mechanism along with the associated charge-transfer dynamics.
Additionally, the CuNCs demonstrate excellent catalytic activity involving the reduction of ferricyanide and Methylene Blue,

highlighting their multifunctional applications in the aqueous phase.

Atomically precise metal nanoclusters (MNCs) have
gained significant interest due to their exceptional
photophysics and multifaceted applications.'”” However,
their applications are limited by relatively low photo-
luminescence quantum yields (PLQYs), driving efforts to
understand the emission mechanism in MNCs.'*~"* Initially,
this was linked to the semiconductor quantum dots, as both
exhibit a similar quantum confinement effect. However, recent
studies support their molecule-like nature, specifically because
of the involvement of triplet states in many MNCs."
Harvesting triplet state emission in MNCs is key to enhancing
the PLQYs, as most of the triplet-state population undergoes
nonradiative decay because of the spin-forbidden transi-
tions.'”"> Thermally activated delayed fluorescence (TADF)-
based materials have garnered significant attention because of
the greater thermal emission stability, photoluminescence
tuning, and enhanced emission efficiency.''” Although
TADF processes are common for organic emitters, this
phenomenon is still rare for MNCs.'®'” Also, NIR-emitting
(700—1500 nm) MNCs are considered suitable candidates for
the biological applications.zo’21 However, preparing water-
soluble MNCs with all these desirable properties is still a
challenge.”***

CuNCs have gained profound interest in recent years due to
their cost-effectiveness, along with the distinct properties of
copper compared to gold and silver counterparts.”* >°
However, CuNCs are much less explored mainly because of
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the low redox potential of copper, which makes them difficult
to stabilize and also limits their structural characterization
through the SC-XRD technique.”’ ™

There are various challenges associated with the processes
involving crystal growth and analysis of MNCs, including
heterogeneity, weak intercluster interactions, and inherent
flexibility of the ligand shell, which hinder the long-range order
in MNCs.>*™%7 Despite these challenges, a range of successful
attempts have reported high-quality single crystals of noble
MNCs.”” 7 In contrast, the crystallization of CuNCs
continues to pose significant difficulties, largely due to their
high sensitivity to air and oxidative degradation.”” To mitigate
these shortcomings, developing MNCs as catalysts has
emerged as another breakthrough in nanocluster chemis-
try.>>*" The nanoclusters offer an excellent platform for
catalytic activity because of the availability of a large specific
surface area, unique electronic structures, and accessible active

S
sites.
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Figure 1. (a) Schematic representation of the preparation of 2-MNA-templated CuNCs. Photographic image of the CuNCs (b) prepared in bulk
and (c) in the solid-state, under UV light. (d) Absorption, excitation, and emission spectra (4., ~ 380 nm, 4., = 745 nm) of the CuNCs in water
displaying a large Stokes shift of 365 nm. (e) The lifetime decay plot of the CuNCs in water. The photographic image of the as-obtained crystals of
the CuNCs displaying a well-defined block-shaped morphology acquired by the CuNCs under (f) ambient light, and (g) UV light, displaying an

intense red emission in the crystalline form.

Metal nanoparticles (primarily Au and Ag) have been
reported so far for the catalytic reduction of organic dyes."”"
However, they suffer from aggregation and agglomeration,
limiting their practical usage.”” CuNCs offer an environ-
mentally friendly and cost-effective alternative in this regard.
However, their application is limited by the challenges
associated with their synthesis and s.tal:»ility.“s’46 Notably, the
distinct Fermi level of Cu compared to Ag and Au makes them
promising candidates for undergoing the catalytic reduction
process, as the energy difference between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) is determined by the Fermi level."’
Additionally, many target dyes have a band gap similar to
CuNCs, supporting their effectiveness for such applications.*®

Herein, we have prepared 2-mercaptonicotinic acid (MNA)
templated CuNCs that display intense red emission in solution
and the solid state, and were water-soluble due to the presence
of a polar carboxylate moiety in the MNA ligand (Figure 1a).*
The AEg; values were quantified through experimental and
theoretical calculations, which display a highly efficient TADF
mechanism. The CuNCs exhibit a significant catalytic activity
for the reduction of ferricyanide to ferrocyanide, which was
chosen as a model reaction.’® Moreover, the efficient catalytic
reduction of an organic dye (Methylene Blue) also
corroborates the catalytic behavior of CuNCs in reduction
reactions.

The optimized conditions for the preparation of 2-
mercaptonicotinic acid (2-MNA) templated CuNCs, and the
associated control experiments for obtaining the maximum PL
intensity have been summarized in Figure S1 (please refer to
Supporting Information for experimental details).”” The
optimized reaction scheme is depicted in Figure la. It should
be noted that the synthetic protocol was scalable even up to 10
times the optimized reaction conditions, enabling the bulk

synthesis of the CuNCs (Figure 1b). The photoluminescence
spectra in solid-state for the CuNCs had a striking resemblance
to that observed in the mixed solvent system (Figure S2a and
Figure 1c), depicting the rigid nature of the CuNCs.* In the
absorption spectra (Figure S2b), a well-defined absorption
peak centered at ~365 nm indicated the formation of hi§h1y
homogeneous nanoclusters with a known composition.”">*
Moreover, the Surface Plasmon Resonance (SPR) band, which
generally appears at around 550—650 nm for copper
nanoparticles, was completely absent in the system (Figure
$2b).>* The CuNCs display a broad excitation spectrum with
the maxima centered at ~370 nm, which is also in agreement
with the broad absorption band observed for the CuNCs
(Figure S2c). The CuNCs display intense red emission with
the maxima centered at 680 nm, when excited at 380 nm
(Figure S2c). A huge Stokes shift of 310 nm, depicted the
involvement of triplet states behind the emission mechanism."’

The CuNCs display significantly high photostability (Figure
S2d), along with the large Stokes shift, which is ideal for
various applications of nanoclusters in materials science. The
excitation and emission maxima for the CuNCs prepared in
bulk are centered at ~370 nm and ~685 nm, respectively
(Figure S3). The negligible change in the excitation and
emission maxima confirmed that the nanoclusters have similar
composition and photophysical features, even when prepared
in bulk (10X scale). Incorporation of a highly polar carboxylate
group on the surface of the MNCs opens up the opportunity of
tuning the emission maxima of CuNCs in various solvent
environments (Figure S4a).53 The CuNCs show a compara-
tively red-shifted emission maxima in polar protic solvents like
ethanol, methanol, and water. The maximum red-shift was
observed for CuNCs in water with an emission maximum
centered at ~ 745 nm. More importantly, we observed that the
CuNCs were highly water-soluble due to the presence of a
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(a)

Figure 2. (a) Dimer formation via the center of inversion, shown as the central hollow gray sphere. The green, yellow, red, violet, dark gray, and
light gray spheres indicate the copper, sulfur, oxygen, nitrogen, carbon, and hydrogen atoms, respectively. (b, c) Central core and its ligand
connectivity in the nanocluster. (d) Crystal packing of Cu, in the ab-plane showing 7---7 interactions.

highly polar carboxylate group on the surface of the CuNCs.
Therefore, to enhance the applicability of our nanoclusters,
considering their broader scope in catalysis and biological
applications, we conducted further studies in water.

The absorption, excitation, and emission spectra of the
CuNCs dissolved in water are displayed in Figure 1d. The
CuNCs exhibit an emission maximum centered at 745 nm with
an excitation maximum centered at around ~ 380 nm in water.
Moreover, the CuNCs show an unaltered emission maxima
with excitation wavelength as depicted in their excitation-
dependent emission spectra (Figure S4b). The nonvariant
emission maxima as a function of the excitation wavelength
depict the homogeneous nature of the CuNCs, and also the
fixed HOMO—LUMO gap for the CuNCs.* The CuNCs
exhibit a long excited-state lifetime of ~0.9 us (excitation
source: a 355 nm SpectraLED), depicting the triplet nature of
the excited state (Figure le). Moreover, the long lifetime with
a large Stokes shift also represents a more prominent
involvement of charge transfer between the metal and ligand
(LMCT) and/or ligand-to-metal-metal charge transfer
(LMMCT) compared to interband and intraband transi-
tions.”>** In this phenomenon, the electrons are transferred
between metal and ligand, followed by radiative relaxation via a
metal-centered triplet state, resulting in a red-shifted emission
maxima for the MNCs. The involvement of the charge transfer
phenomenon behind the emission mechanism of MNCs was
further confirmed by using methyl viologen dichloride hydrate
(MV?*"), a well-known electron scavenger (Figure S5) known
for its property to disrupt the CT within the NCs, resulting in
the quenching of the PL intensity.*®

Transmission Electron Microscopy (TEM) images, as
shown in Figure S6a, display a significantly high homogeneous

size distribution of the CuNCs with an average diameter of
1.74 + 0.28 nm (Figure S6b). Additionally, the CuNCs were
present in the aggregated form in the mixed-solvent system
(Figure S6a). However, when observed in water, discrete
morphology for the CuNCs was observed (Figure S7). Thus,
the CuNCs display aggregation-induced blue-shifted emission
as evident from their photoluminescence profiles and the
microscopy data.”” In the Fourier Transform Infrared (FTIR)
data (Figure S8), we observed that both the peaks
corresponding to S—H and N—H stretching frequency at
2200 cm™' and 2800 cm™' respectively (upper panel), are
completely lost upon the formation of the nanoclusters (lower
panel).” This suggests that both nitrogen and sulfur atoms of
the ligand are involved in the binding with the copper core
(Figure S8). Thereafter, the ESI-MS analysis (in negative-ion
mode) was performed to estimate the possible composition of
the nanoclusters (Figure S9). It should be noted that in the
isotopic patterns corresponding to every peak observed in ESI-
MS data, the separation of m/z value of 1 unit depicted the
overall charge of —1 over the detected entity.”” The chemical
composition corresponding to the most intense peak present at
1149.6 m/z was estimated to be [Cus(MNA-H)-3H]™. The
simulated isotopic pattern corresponding to the above
composition was in excellent agreement with the experimental
isotopic pattern (inset of Figure S9). The subsequent peaks at
m/z 1171.4, 1193.5, and 1215.5 are equidistant from each
other, with an m/z difference of ~22. This is attributed to the
subsequent substitution of 1 H* with 1 sodium ion (Na*) in
the —COOH group present on the surface ligands of the
CuNCs.

Further, for clear structural information, we crystallized
CuNCs through the vapor diffusion technique,30 and the
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crystals so obtained were captured under the optical
microscope (Figure 1f). The crystals displayed intense red
emission under UV light, as shown in the photographic image
(Figure lg).

The SC-XRD analysis of the CuNC crystals was performed
to gain insight into the structure of the nanoclusters. Tiny
block crystals of the copper nanocluster were obtained from a
mixture of methanol/THF using the vapor diffusion technique
at room temperature (see methods in the Supporting
Information for more details). Further, these crystals were
utilized to perform single-crystal X-ray diffraction experiments
(Figure S10, Table S1), to determine the 3D atomic
connectivity. The molecule crystallizes in the monoclinic
centrosymmetric C2/c space group with half a molecule in the
asymmetric unit and the other half being generated via the
center of inversion (Figure 2a). In addition to the nanocluster,
water molecules are trapped in the crystal lattice. The central
core of the nanocluster consists of Cu—Cu and Cu—S bonds
(Figure 2b). Each Cu atom forms two Cu—Cu bonds and two
Cu—S bonds, while each sulfur atom forms two S—Cu bonds
within the central core (Figure 2b). Figure 2c shows the ligand
connectivity with the central core, where each Cu forms a Cu—
N bond (a total of 6 Cu—N bonds), and each sulfur forms an S
—C bond (a total of 6 S—C bonds). Overall, each Cu atom
adopts a square pyramidal geometry. The bond distances are
summarized in Table 1 based on Figure 2c. The crystal packing

Table 1. Relevant Bond Distances of Cu6-nanocluster

Bond” Distance (A)
Cul—Cu2 2.8323(3)
Cul—-Cu3” (—x+ 1, =y + 1, —z + 1) 2.8160(4)
Cu2—Cu3 2.7899(3)
Cul—S1/Cul—83" (—x + 1, =y + 1, —z + 1) 2.2586(3)/2.2221(3)
Cu2—-82/Cu2-S3 2.2271(2)/2.2413(2)
Cu3—S1/Cu3—82" (=x+ 1, =y + 1, —z + 1) 2.2259(2)/2.2425(3)

Cul-N2/S81-Cl1
Cu2—-N1/82—-Cl11
Cu3—-N3/S3-C17

2.0047(2)/1.7179(2)
1.9865(2)/1.7341(2)
2.0157(3)/1.7465(2)

“Uncorrected distances from PARST. ®Intermolecular contacts.

of the molecule is mainly stabilized through z---7 interactions
that form a 2D sheet in the ab-plane (Figure 2d). Along the a-
axis, the molecule creates a 1D chain using the centrosym-
metric dimer (C3) -z (C4) interaction. This chain is further
linked by (C8) 7--x (C8) interactions and C9—H9---OS dimer
along the b-axis (Figure 2d, Table 2). Further, we verified the
phase purity of the bulk sample by performing the Powder X-
ray Diffraction (PXRD) data analysis. The experimentally
obtained PXRD spectra overlapped well with the simulated
PXRD spectra generated from the single-crystal XRD data

Table 2. List of intermolecular interactions for Cu6-
nanocluster

D—H--A
HoA(A)  (deg)

Interactions Symmetry code D--A (A)
(C3) w-w (C4) —x,—y+1,—z+1 32477(4)
(C8) 7w (C8) —x + 1/2, 3.3285(4)
-y+1/2,—z+1
C9—H9--05*  x+1/2,+y + 1/2, 3.7000(4) 2.74 148
+z

“Neutron normalized distance.

(Figure S11). This analysis further confirmed that the single-
crystal structure (Cug(MNA)y) is a representative of the bulk
sample. Moreover, the apparent discrepancy between the
composition determined from ESI-MS analysis and the crystal
structure may be attributed to partial ligand dissociation, which
can occur during the jonization and desolvation processes in
ESI-MS.

The pronounced red emission of the CuNCs, coupled with a
long excited-state lifetime (~0.9 ys), prompted investigation of
the triplet-state involvement in the emission mechanism. The
Time Resolved Emission Spectroscopy (TRES) data at a 0.9 us
time delay strongly overlapped with the steady state emission
spectra (Figure 3a), indicating the emission originates from the
same emissive excited-state, which suggests that the phenom-
enon of delayed fluorescence may be operational, and hence
we have studied the same in detail.*”®' Further, the
temperature-dependent measurements (Figure 3b) reveal an
enhancement in the photoluminescence intensity upon
increasing the temperature from 283 to 308 K, followed by a
decline up to 323 K. This enhancement is also accompanied by
a blue shift in the emission maxima (Figure S12) from ~ 750
nm (283 K) to ~ 735 nm (323 K). This observation supported
the TADF mechanism.”> At higher temperatures, reverse
intersystem crossing (rISC) results in the transition from the
lowest excited triplet state (T;) to the first excited singlet state
(S)), followed by a radiative transition to the ground state (S,),
which results in delayed fluorescence. Upon increasing
temperature, the T, to S, transitions enhance, generating a
blue-shift in the emission maxima. The curve obtained from
the PL intensity against temperature plot (please refer to
Figure 3b) illustrates that S; and T, are in equilibrium with
each other (Figure S13, upper panel).”” Upon increasing the
temperature, the rISC enhances, resulting in greater PL
intensity. However, after a certain temperature, further
increments result in thermal depopulation of the excited
state, resulting in the subsequent decrement in the emission
intensity.”” Further, we monitored integrated PL intensity as a
function of temperature (Figure S13 lower panel) and
observed a similar trend as obtained in PL intensity, as
depicted in Figure S13, upper panel. The increase in the
integrated PL intensity (not just the apparent peak) upon
increasing temperature further supports the TADF mechanism
operational in the system. For an efficient TADF process, AEgy
should be sufficiently small to facilitate the rISC, which was
further verified by temperature-dependent excited-state life-
time measurements (Figure 3c).14 Upon increasing the
temperature from 283 to 323 K, the lifetime decreased from
1.06 to 0.64 us (Table S2). The temperature vs average
lifetime data was fitted with the following Boltzmann’s eq (eq
1) derived from the TADF model (Figure 3d and Table
83):62’63

3+ exp( 7_%;5;_ %) )

T =

(;) P S
W sy xen(*EE0) )

Here 7, 7(S;), and 7(T;) represent the average lifetime,
lifetime of the singlet state, and lifetime of the triplet state,
respectively; kp is the Boltzmann constant, T is the
temperature in kelvin, and AE(S;—T),) is the energy difference
between the excited singlet and triplet state energy levels. For
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Figure 3. (a) TRES at 0.9 us time delay overlapping well with the steady-state emission spectra of the CuNCs. (b) Temperature-dependent
photoluminescence spectra of the CuNCs depict the increment in the photoluminescence intensity upon increasing temperature. (c) The
temperature-dependent lifetime decay plots of the CuNCs depict a decrease in the lifetime with an increase in temperature. (d) Plot of the average
lifetime vs temperature data fitting using the TADF model. (e) Photoluminescence intensity at varying excitation transmittance, the data were
collected at a 0.9 s time delay. (f) Plot of the excitation transmittance vs intensity integral depicting a linear relationship (slope ~ 1.16) between

the two.

an efficient TADF process, the AE(S,—T;) value should be
less than 3000 cm™' or 370 meV.’

For the CuNCs, upon fitting the temperature vs lifetime data
through eq 1, the parameters obtained are as follows: AE(S;—
T,) ~ 788 cm™ (=97.7 meV), 7(T,) and 7(S,) were 3.71 us
and 8.94 ns, respectively (Table S3). The above values suggest
a highly efficient TADF process operational in the system.
TADF materials can be categorized into two types based on
the rate of intersystem crossing.m First, the materials having
the rate of ISC typically within the range of 10°—10% s/, e.g,,
organic TADF materials, diborane compounds, etc. These
materials generally exhibit a biexponential lifetime decay
profile, clearly distinguishing prompt fluorescence (short-
lived component) and TADF (long-lived component).m
Other category comprises materials having the rate of ISC
within 10°~10"" s7'. In this case, a pre-equilibrium is
established between S, and T, before the emission.'®
Consequently, the photoluminescence decay curves follow
the monoexponential behavior in the microsecond scale as
seen in metal carbene complexes.16 Thus, for the CuNCs, we
can assign the monoexponential behavior of the decay curves
to the very fast ISC process, making the prompt fluorescence
component instrumentally unresolved. Additionally, to exam-
ine the nature of the emissive excited-state, we performed
emission wavelength-dependent fluorescence lifetime measure-
ments. Interestingly, the measured decay lifetimes remained
essentially unchanged across the monitored emission wave-
lengths (Figure S14, Table S4). This observation suggests that
the delayed emission originates predominantly from a single
emissive excited state rather than from multiple independently
emitting states that exhibit distinct decay dynamics. This
behavior is consistent with delayed fluorescence arising from

thermally activated reverse intersystem crossing (rISC), and
supports a common emission origin for prompt fluorescence
and TADF.

Moreover, upon cooling, the emission spectra exhibited a
noticeable blue shift (from 745 nm at ~293 K to 680 nm at
~77 K) attributed to suppression of structural relaxation in the
excited state and reduced stabilization of the charge-transfer
excited state.* The restricted geometrical distortion due to
suppression in intramolecular rotation and vibration of surface
ligands at low temperature results in emission from a less-
relaxed higher-energy excited state, which is further supported
by the observation of a long lifetime of ~29.02 us at ~77 K
(Figure S15 and Table SS). Additionally, the new peak
observed at ~525 nm is attributed to the higher-energy state
emitting radiatively exclusively at low temperature.”” Also, the
photoluminescence and lifetime decay were collected under
inert conditions, i.e., in the absence of oxygen (Figure S16,
Table S6). The nonvariant nature of the steady-state and time-
resolved spectroscopic signatures reveals that the as-prepared
CuNCs are insensitive to the presence of oxygen.”® Further, to
distinguish the TADF mechanism from any other delayed
fluorescence processes possible in the system, excitation-
transmittance-dependent TRES intensity measurements were
carried out.®” The time-resolved emission spectra were taken at
varying excitation transmittance controlled by an iris. As
depicted in Figure 3e, the TRES intensity at 0.9 us time delay
decreases with a decrease in the excitation transmittance. The
linear dependence of the TRES intensity on the transmittance
of the excitation source (slope ~ 1.1, Figure 3f) corroborated
the purely thermally activated nature of the delayed
fluorescence, and no other higher-order excitonic phenomenon
is involved.®” Therefore, all the above experiments establish a
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highly efficient TADF mechanism functional in CuNCs, which
has been well-supported by a theoretical approach as discussed
below.

The molecular model considered to understand the TADF
mechanism is depicted in Figure 4a. The HOMO and LUMO

©

Solvent Water
AEg; (eV) 0.20 N
D
f 0.001 4~

$&H

j
~

Hso (cm™) 3.29
ker (s72) 2.03x10°
Kasc (s7%) 9.09%x10°
K (s7) 6.22x10°
Kor (s77) 1.66x10°

Figure 4. (a) The molecular model used in the calculation, with pink,
yellow, red, blue, green, white representing copper, sulfur, oxygen,
nitrogen, carbon, and hydrogen, respectively. (b) The HOMO (blue)
and LUMO (red) of the molecular system made with VMD, with
isovalue 0.01. (c) Calculated photophysical parameters of the studied
system, including oscillator strength, singlet—triplet energy gap, spin—
orbit coupling, and excited-state rate constants relevant to TADF
behavior. (d) Charge transfer characteristics of the investigated
system. The charge transfer direction is from pink lobes (+) to yellow
lobes ().

distributions are illustrated in Figure 4b. The HOMO (blue
lobes) is mainly localized on the copper and sulfur atoms of
the nanocluster, while the LUMO (red lobes) is primarily
localized on the oxygen atoms of the phenyl rings on opposite
sides. A key observation is that the HOMO and LUMO do not
overlap significantly in space (at most of the places). Wherever
a blue lobe (HOMO) is present, the probability of finding a
red lobe (LUMO) on the same atom is very low. This clear
spatial separation implies that the HOMO and LUMO are well
isolated, leading to minimal orbital interaction and, con-
sequently, a small singlet—triplet energy gap (AEgr), as evident
from our experimental observations. Such an arrangement
satisfies one of the fundamental conditions for a molecule to
exhibit TADF, namely, minimal HOMO—-LUMO overlap,
which enhances the efficiency of reverse intersystem crossing
(r1SC).

The photophysical parameters of the nanocluster were
further calculated (Figure 4c, see Supporting Information for
details): the first singlet excited-state energy (Eg;) is 2.165
eV.*%® The estimated singlet—triplet gap (AEgr) is 0.20 eV,
whereas the experimental value is approximately 0.10 eV.
Given the small magnitude of this parameter, such agreement
is quite reasonable. The oscillator strength (f), which reflects
the probability of radiative emission, is relatively low (~0.001).
The prompt fluorescence rate (kpg) is on the order of 10° s/,
while the intersystem crossing (k) and reverse intersystem
crossing (kysc) rates are approximately 10° s7! and 10° 57},
respectively. The delayed fluorescence rate (kpp) arises from
the combined contributions of kpp and k43¢, therefore lies in
the range of 10° s™'. The spin—orbit coupling (Hgy) quantifies

the extent of singlet—triplet mixing and directly governs both
the ISC and rISC processes. The observed magnitudes of Hy,
together with the small singlet—triplet energy gap (AEgy), are
consistent with TADF behavior. These parameters facilitate an
efficient rISC process with a rate comparable to the prompt
fluorescence rate, resulting in delayed fluorescence on the
order of 10° s™'. Further, analytical calculation of singlet
exciton density decay profiles using the three-state (S, S;, T;)
kinetic model yielded a macroscopic delayed decay lifetime
(Taetayed = —1/4;) of ~18.80 us (1.88 x 107 s), Figure S17
(please see Supporting Information for further details).”””"
Opverall, the system can be classified as TADF-active. However,
the relatively low oscillator strength, which directly impacts the
radiative emission probability, along with the comparatively
high intersystem crossing rate, may limit the overall emission
efficiency or quantum yield. This was further supported by the
relatively low photoluminescence quantum yield of ~ 0.1% for
the CuNCs in water (using Coumarin 102 as a standard
reference), and low absolute photoluminescence quantum
yield of ~0.5% in solid-state (aggregated form), observed
experimentally (Figure S18). We further calculated the
radiative decay rate (k,) and nonradiative decay rate (k,,)
through experimentally determined relative photolumines-
cence quantum yield (® ~ 0.1%) and average excited-state
lifetime (7 ~ 0.9 us) in water. The radiative decay rate (k,) and
nonradiative decay rate (k,,) were calculated to be ~ 1.1 X 10°
s and 1.1 X 10° 57", respectively.

After calculating the photophysical parameters, we also
determined the charge-transfer (CT) number of the
investigated system (Figure 4d). This parameter describes
the charge-transfer within the system quantitatively and ranges
from 0 to 1. The Qcr value (0.894) is approaching 1,
indicating that long-range charge-transfer is operative here.
The accompanying charge-transfer density map illustrates this
process, showing that upon excitation from the ground to the
excited-state, electron density migrates from the ligands to the
metal regions (Figure 4d). The yellow central region
represents the negative (electron) domain, while the outer
regions represent the accumulation of positive charge,
indicating the direction of charge transfer within the molecule.
Overall, the results reveal that the Cus(MNA)4 nanocluster
exhibits pronounced ligand-to-metal charge-transfer character-
istics, a strong spatial separation between the HOMO and
LUMO, and a small AEgy, collectively confirming its potential
for TADF.

Noble MNCs (AuNCs and AgNCs) have been studied so
far as catalysts for a variety of reactions, due to their high
surface-to-volume ratio.> However, a demand for the less
expensive and efficient alternative intrigued us to test the
catalytic activity of the CuNCs. Catalytic activity of such a
small 6-atom CuNC is scarcely reported. Therefore, we first
checked the catalytic activity of the CuNCs for a 1-electron
reduction reaction for which we chose the ferricyanide to
ferrocyanide conversion as our model reaction (eq 2).>°

25,0, + 2[Fe(CN),I’~ — S,0,°" + 2[Fe(CN)]*~
()
The reduction of ferricyanide was carried out using
thiosulfate as a reducing agent in an aqueous medium at 25
°C. The depletion in the absorption peak at 420 nm,
corresponding to the ferricyanide, was monitored as a function
of time for the determination of the rate constant.”’ Upon
using 1 mol % CuNCs with respect to the concentration of
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Figure S. (a) The time-dependent absorption spectra depicting the catalytic reduction of potassium ferricyanide using 1 mol% of the Catalyst with
respect to the concentration of the K;Fe(CN)g. (b) The kinetic analysis of the reduction process at different temperatures, the error bars were
determined based on three independent experiments. (c) The kinetic analysis of the reduction process at different amounts of the catalyst used, and
(d) the percentage conversion. (e) The schematic representation of the catalytic reduction of Methylene Blue (MB) to Leuco Methylene Blue
(LMB) in the presence of a reducing agent (NaBH,) and the catalyst. (f) The catalytic reduction of MB upon using 0.5 mol % catalyst with respect

to the molar concentration of the substrate (MB).

ferricyanide used Figure Sa, the reduction reaction proceeds
with a successive decrement in the absorption band at ~420
nm, which gets completely attenuated after 1 h 45 min. The
decrease in the absorption band is also accompanied by a color
change from yellow to transparent solution (inset of Figure
Sa). Simultaneously, an increment in the absorbance at ~240
nm was observed, corroborating the conversion of ferricyanide
to ferrocyanide (Figure 5a).”> The presence of a well-defined
isosbestic point at ~265 nm dictates that the conversion is
stoichiometric in nature.””””* Moreover, it also suggests that
no intermediate specie(s) are involved in the reaction. In the
absence of the catalyst, a very small change in the absorption
peak was observed (Figure S19a), clearly representing the
catalytic behavior of the CuNCs. Further, a nonvariant nature
of the absorption spectra of the ferricyanide (monitored at 420
nm) in the absence of a reducing agent (Na,S,0;) suggested
the exclusive role of the CuNCs as a catalyst (Figure S19b).
Considering the pseudo-first-order kinetics for the reaction,
rate constants were calculated by the slope of —In(A,/Ay) vs
time plot, as depicted in Figure Sb, and Table S7 (see SI for
further details). The rate constant for the catalytic reduction
reaction upon adding only 1 mol % of the catalyst was
calculated to be 18.71 X 107> min~! at 25 °C (Table S7). The
reaction rate constants can be further increased upon
increasing the reaction temperature (Figure Sb). The rate
constant for the same reaction was calculated to be 55.42 X
107 min~" at 50 °C (Figure Sb and Table S7).

Moreover, we optimized the catalyst concentration for the
efficient conversion; the rate constants increased with an
increase in the amount of catalyst (Figure Sc, Table S7). The
rate constant for the uncatalyzed reaction was calculated to be

2.87 X 107 min™" at 25 °C (Figure Sb, Table S7). Therefore,
using only 1 mol % of the catalyst led to ~6 times
enhancement in the rate compared to the uncatalyzed reaction.
The percentage conversion of ferricyanide to ferrocyanide over
time using different amounts of catalyst is presented in Figure
5d. Further, we verified the formation of ferrocyanide through
a Prussian Blue test (Figure $20).”* Additionally, no color
change was observed upon adding ferric chloride to the
solution of ferricyanide, suggesting that the substrate was free
from ferrocyanide. Thus, all the above experimental results
conclude the efficient conversion of ferricyanide to ferrocya-
nide upon using the CuNCs as a catalyst.

Catalyzing the reduction reaction of organic water pollutants
has emerged as a cost and energy-eflicient wastewater
treatment technique. Methylene Blue (MB) is commonly
used as a coloring agent in the textile and paint industries.” It
is discharged from the industries at very high levels into the
water bodies, which is threatening the environment. The
reduction of MB converts it to a less toxic form, known as
Leuco Methylene Blue (Figure Se).”> The process of efficient
reduction of this dye requires the presence of a catalyst.
Moreover, the catalysts are preferred to be prepared in an eco-
friendly and sustainable manner. Therefore, we explored the
reduction of MB using our CuNCs.*” Expectedly, the CuNCs
display highly efficient catalytic activity for the reduction of
MB (Figure Se). On using just 0.5 mol % of the catalyst
(Figure Sf), the reduction happens only within 3 min. The
catalytic process was so fast that we were limited by the
facilities to calculate the rate constants. Upon increasing the
catalyst concentration to 0.75 mol %, reduction completes
within 90 s (Figure Sf and Figure S21a). Surprisingly, on using
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a catalyst concentration of 1 mol %, the reduction happens
almost immediately (Figure S21b). Also, no change in the
absorbance corresponding to MB was observed even after 2h
without the catalyst, corroborating highly efficient catalytic
activity for the CuNCs (Figure S21c).

The present kind of reduction catalysis is rarely reported for
the nonhydride CuNCs, a comparative study of the catalytic
rate constants for the reduction reactions using metal-based
systems is presented in Table $8.*>7°”7® Therefore, to gain
insight into the mechanism of the catalytic reduction, we
further screened a variety of substrates having different
coordination sites. The CuNCs do not catalyze the reduction
of Congo Red (an anionic dye), Rhodamine B, and Nile Blue
(cationic dyes, Figure S22). Instead, in the case of Nile Blue, a
retardation in the rate of the reaction was observed. Nile Blue
has an excellent structural correlation with MB. However, it
contains a central oxazine ring in place of the thiazine ring.
Thus, this may be attributed to the soft—soft interactions
between the thiazine moiety and copper, which confer a
stronger affinity of MB toward the CuNCs core, thereby
facilitating the electron transfer processes. Hence, we
substantiate that our CuNCs are also highly specific for the
reduction of MB. In conclusion, red-emitting CuNCs that
display intense emission in solid, solution, and crystalline states
were prepared. The CuNCs are highly water-soluble and
display NIR emission in an aqueous environment along with
excellent solvatochromism. Red-emitting crystals of the
CuNCs were structurally resolved by SC-XRD analysis,
confirming composition as Cug(MNA)g. Spectroscopic inves-
tigations reveal efficient TADF being operational in the system,
supported by small AEg; (~98 meV) and temperature-
dependent measurements. Theoretical calculations also vali-
date TADF, highlighting favorable AE¢y along with sufficient
spin—orbit coupling. Additionally, the CuNCs display excellent
catalytic activity for the reduction of ferricyanide and
Methylene Blue, underscoring their multifaceted applicability
in the aqueous phase.
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