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Herein, we report 2-mercaptopyridine-templated copper nanoclusters (CuNCs) which display near infra-
red (NIR) emission, both in the solid and colloidal states. Interestingly, the NIR emission can be modulated
to orange emission by preparing the CuNCs in a mixed solvent system of chloroform and methanol
instead of water. The drastic change in the photo-physical properties of the CuNCs when prepared in two
different solvent systems is accompanied by a unique morphological tuning. Further studies reveal that
the strong NIR emission is the result of thermally activated delayed fluorescence (TADF) which is
confirmed by the long excited state lifetime (~4 ps at room temperature), time resolved emission spec-
troscopy (TRES) measurements, temperature-dependent photoluminescence studies, temperature-
dependent lifetime studies, and excitation-transmittance dependent TRES intensity measurements. The
CuNCs exhibit an exceptionally small singlet—triplet energy gap of 58.2 meV, indicating a highly efficient
TADF in the system. Moreover, the solvent-dependent morphological tuning of the nanocluster super-
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structures rendering a drastic change in the photo-physical signatures is the consequence of different
AEs;-11) values for the CuNCs in different solvent environments. Further findings corroborate that the
electronic structure of the surface ligands can also help us to tune the AE; 1) energy gap for these
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Introduction

Luminescent materials that emit in the near-infrared (NIR)
wavelength region, i.e., 700 to 2500 nm, have garnered tremen-
dous attention from researchers in the fields of chemistry, bio-
medical science, and materials science due to several advan-
tages over conventional fluorophores.’™ NIR emitters have the
advantage of deep penetration due to less interference,
reduced absorption, and less scattering.'™ Moreover, the
energy emitted by the excited state during the decay of NIR
materials is much less, which suppresses the side reactions
which in turn increases the stability of NIR-based materials
and devices. Several attempts have been made to utilize the
concept of thermally activated delayed fluorescence (TADF) of
these NIR-based luminescent nanomaterials for fabricating
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light-emitting diodes for optoelectronics. Cadmium-contain-
ing quantum dots (QDs), for example, CdSe QDs, have found
significant success in fabricating devices for optoelectronics.’
However, these heavy metal atom-containing QDs are not only
highly toxic but also lose their photoluminescence properties
on transferring these colloidal QDs into the solid state.®
Therefore, designing novel and environment-friendly photolu-
minescent materials is always challenging and has been a
long-standing quest. To mitigate these challenges, coinage
metal nanoclusters as NIR TADF emitters, characterized by low
toxicity and high quantum yields, are considered promising
candidates for manufacturing efficient organic light-emitting
diodes (OLEDs). These luminescent and versatile nano-
materials have diverse applications in the fields of bio-
imaging,” catalysis,®® drug delivery,'® antibiotics,'" enzymatic
activity,"”> and sensing.'® In practice, atomically precise gold
nanoclusters (AuNCs) with NIR emission are reported to
exhibit TADF under specific conditions.'*'> In general, these
AuNCs require to be embedded inside an inorganic salt
matrix'* or a solid polymer matrix™ to prevent the quenching
of the emission from their triplet state by non-radiative energy
transfer to molecular oxygen. Moreover, due to the absence of
heavy atoms in AuNCs, the spin-forbidden transitions (triplet
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to singlet) are highly suppressed. Thus, all the other radiation-
less transitions, including thermal dissipation, need to be sup-
pressed to ensure good quantum efficiencies from TADF,
which is ascertained by the use of a solid-state matrix.'*"?
Hence, preparing coinage metal nanoclusters (MNCs) that
provide solid-state emission with high quantum efficiencies by
harvesting the emission from the singlet state as well as the
triplet state, and that too without the use of any solid-state
matrix is quite a challenging issue. To stabilize the TADF emit-
ters in the solid state, a rigid environment is needed to be
introduced around the MNCs which not only suppresses the
radiation-less transitions from thermal dissipation but also
protects the non-radiative energy transfer from the triplet state
to molecular oxygen. This can be achieved with the help of the
formation of superstructures using MNCs.'®™* The formation
of superstructures by establishing various kinds of inter-
actions, e.g., n---n and C-H---m intermolecular interactions,
H-bonding interactions, dipolar interactions, and hydrophobic
interactions, between the MNCs is a useful tactic to suppress
the emission of the MNCs through non-radiative decay
pathways.'®*° Superstructures of MNCs have recently garnered
immense attention due to their intriguing optical behavior,
leading to unprecedented photo-physical signatures including
very large Stokes shifts (>200 nm), long excited state lifetimes
(in the ps range), and structure-property relationships.'®™°
The design and synthesis of functional nanomaterials through
careful engineering of the interactions among the nanoclusters
involved in the formation of these superstructures have
emerged as a frontier area of research to create materials with
unique properties.”*>* Recently, the use of aromatic ligands as
a template for preparing MNCs has been found to be promising
because such aromatic ligands can result in the formation of
highly stable NCs with unique spectroscopic properties.>*
Moreover, aromatic ligands including aromatic thiols, phos-
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phines, etc. are more prone to xn---n and C-H---n intermolecular
interactions, thereby rendering them reliable candidates for the
formation of supramolecular architectures.'®>°

Over the past few decades, noteworthy developments in syn-
thetic and analytical chemistry led to substantial achievements
in the production and characterization of CuNCs.*>” CuNCs
are very susceptible to oxidation (primarily because of their
small size and lower oxidation potential of 0.34 V), and hence
to prevent rapid degradation and maintain their unique pro-
perties, the use of bulky ligands is a rational approach for
achieving core stability of the MNCs.>**®* CuNCs exhibiting
NIR emission (greater than 700 nm) are scarce in the litera-
ture.”® Fenske and co-workers have reported high-nuclearity
chalcogenide (selenide) clusters of copper and silver from sily-
lated chalcogenide sources, which tend to show NIR emis-
sion.>®* Mak and co-workers have reported that the thermal
compression of Cu(1):--Cu(i) bonds which are shorter than
twice the van der Waals radius of the copper atom (2 x 1.4 A)
could lead to NIR emission of the CuNCs.*" In another study,
Mak and co-workers presented the first report of alkynyl tem-
plated coinage metal nanoclusters which tend to show NIR
TADF.>> Recently, Kumar and co-workers reported chiral
copper nanoclusters which gave enhanced CPL guided by
TADF, thus exhibiting the CP-TADF effect.*?

Herein, we present a comprehensive study of the self-assem-
bly of 2-mercaptopyridine (2-MPy)-protected CuNCs with expli-
cit photo-physical properties. The CuNCs attain a distinct mor-
phology and lead to the formation of self-assembled super-
structures (Scheme 1). Interestingly, in DMSO, where these
remain in the colloidal state, these CuNCs (referred to as
R-CuNCs) exhibit NIR emission. On the other hand, in the
solution state (when a mixture of chloroform, CHCl;, and
methanol, MeOH, was used instead), these CuNCs (referred to
as O-CuNCs) exhibited an orange emission characterized by a
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Scheme 1 Schematic representation of the morphological variation of the superstructures of the CuNCs in two different solvent environments and

their respective properties.
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different morphology of the superstructures from what was
seen when DMSO was used as the solvent. This variation in
morphology and spectroscopic signatures of the MNCs in the
nanoscale regime by altering the solvent system is a fascinat-
ing aspect of these nanomaterials.® Altering the solvent
results in environments leading to different intermolecular
interactions, thereby resulting in the exclusive morphology
and optical properties of the CuNCs, which enables us to
study a new aspect of their structure-property relationship.
Furthermore, both the CuNCs tend to display TADF behavior,
with distinct AE(;_r1) values, which could be the plausible
reason for their distinct photo-physical signatures. To the best
of our knowledge, this is the very first report of thiol-protected
CuNCs displaying NIR TADF with stable emission in the
solid state. The modulations of their spectroscopic properties
accompanied by a remarkable change in the morphology
of the CuNC superstructures (driven by solvent-mediated
AEs;-71) values) open up new avenues to tailor the photo-
physical signatures of MNCs. Moreover, this study also delin-
eates the effect of the electron-withdrawing tendency of the
surface ligands in modulating the AEs; r;) values, which may
further guide us to fabricate highly efficient MNC-based NIR
optical materials.

Experimental section
Materials

Ultrapure MilliQ water was used throughout the experiments.
Copper(u) nitrate hemipentahydrate (Cu(NO;),-2.5H,0), 2-mer-
captopyridine (2-MPy), 5-chloro-2-mercaptopyridine (MPyCl),
5-bromo-2-mercaptopyridine (MPyBr), methyl viologen dichlor-
ide hydrate (MV**), and sodium hydroxide (NaOH) were all
purchased from Sigma-Aldrich USA and used as received. All
the solvents of UV spectroscopy grade, i.e., methanol (MeOH),
chloroform (CHCl;), and dimethylsulphoxide (DMSO), were
purchased from Spectrochem.

Methods and instrumentation

Steady-state absorption and fluorescence measurements.
Absorbance data were collected using a Shimadzu UV-2600i
UV-Vis spectrophotometer by scanning in the range of
200-800 nm with a corrected baseline. Steady-state photo-
luminescence data were recorded using a Horiba Jobin Yvon
Fluorolog 3-111 spectrofluorimeter. All the photoluminescence
measurements were performed using a quartz cuvette of
10 mm path length.

Fluorescence lifetime measurements. For time-resolved
measurements, a Delta Flex-01-DD/HORIBA time-correlated
single photon counting (TCSPC) setup was used. A 355 nm
spectra laser was used as the excitation source. The fitting of
excited state lifetime decay was done using the following
multi-exponential equation:

I(t) = E ae ! (i)
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where a; is the amplitude of the /™ component having lifetime
7;. The average lifetime (z) is given by:**
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All the spectra were recorded by taking 500 pL of the
sample in a quartz cuvette of path length 10 mm.

Electrospray ionization mass spectrometry measurements.
To determine the most probable composition of the CuNCs, a
Bruker micro TOF QII high-resolution mass spectrometer was
used.

Transmission electron microscopy (TEM) measurements. An
FEI Talos 200S field emission electron microscope operating at
200 kv was used to collect the TEM images. We used carbon-
coated copper grids for sample preparation. On a copper grid,
a 10 pL sample was drop-cast and dried in a vacuum. ImageJ
software was used for processing the images.

Field emission scanning electron microscopy measure-
ments. A Carl Zeiss (UltraPlus) field emission scanning elec-
tron microscope was used to investigate the morphologies of
the CuNCs. The sample was prepared by drop-casting 10 pL of
CuNC solution on mica foil and dried overnight in a vacuum.

Fourier transform infrared spectroscopy measurements. A
PerkinElmer Two instrument was used to perform the Fourier
transform infrared spectroscopy.

Preparation of 2-mercaptopyridine (2-MPy)-templated CuNCs

Water-mediated preparation of R-CuNCs. For the prepa-
ration of 2-MPy-capped CuNCs, 6 mL of ultrapure MilliQ water
was kept in a round-bottom flask, and in that flask, 2 mL of
20 mM aqueous solution of Cu(NO3),-2.5H,0 (final concen-
tration 4 mM) was added. The light blue solution was stirred
continuously at 1400 rpm at 25 °C. Then 2 mL of 20 mM
2-MPy (final concentration 4 mM) was added dropwise to that
solution. After the dropwise addition of the ligand, the light
bluish solution turned into a yellow colloidal solution and the
CuNCs were collected after 30 minutes. The reaction con-
ditions were further optimized by performing the reaction at
different pH values, temperatures, and metal-to-ligand concen-
trations and the corresponding photoluminescence (PL)
spectra of the resulting solutions were recorded. For further
studies, the optimized reaction mixture was centrifuged and
the solid was re-dissolved in DMSO. However, the temperature-
dependent measurements were performed in water to have a
greater range, as DMSO freezes below 19 °C and all the optical
properties remain unchanged in DMSO.

Mixed solvent-mediated preparation of O-CuNCs. A mixture
of 2 mL of methanol (MeOH) and 6 mL of chloroform (CHCl;)
was taken in a round-bottom flask. Then 1 mL methanolic
solution of 9.30 mg of Cu(NO;),-2.5H,0 (final concentration
4 mM) was added to the flask. The bluish solution was stirred
continuously at 1400 rpm at 45 °C. Then 1 mL methanolic
solution of 4.44 mg of 2-MPy (final concentration 4 mM) was
added dropwise to that solution. The final mixture trans-
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formed into a clear yellow solution and the CuNCs were col-
lected after 30 minutes.

Preparation of 5-Cl-2-mercaptopyridine (MPyCl)-templated
CuNCs. MPyCl-capped CuNCs were prepared by adding 9.3 mg
of Cu(NO;),-2.5H,0 to 8 mL DMSO (final concentration
4 mM). The solution was kept on continuous stirring for
15-20 minutes until the copper salt dissolved completely.
Thereafter, 5.824 mg of 5-Cl-2-mercaptopyridine (MPyCl) dis-
solved in 2 mL of DMSO was added to the copper solution
(final concentration 4 mM). The dropwise addition of MPyCl
solution results in a colloidal yellow-colored solution of
CuNCs.

Preparation of 5-Br-2-mercaptopyridine (MPyBr)-templated
CuNCs. MPyBr-capped CuNCs were prepared by adding 9.3 mg
of Cu(NO;),-2.5H,0 to 8 mL of DMSO (final concentration
4 mM). The solution was kept on continuous stirring for
15-20 minutes until the copper salt dissolved completely.
Thereafter, 7.6 mg of 5-Br-2-mercaptopyridine (MPyBr) dis-
solved in 2 mL of DMSO was added to the copper solution
(final concentration 4 mM). The dropwise addition of MPyBr
solution results in a colloidal yellow-colored solution of
CuNCs.

View Article Online
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Results and discussion
Characterization of R-CuNCs

The protocol for preparing the R-CuNCs was optimized by
varying the pH, temperature, and metal-to-ligand concen-
tration (Fig. S1}). The CuNCs prepared at pH ~3, at 25 °C, and
at a metal to ligand ratio of 4:4 exhibited the maximum PL
intensity (Fig. S11). The colloidal aqueous solution was sub-
jected to high-speed centrifugation, and then filtered and re-
dissolved in DMSO to obtain the colloidal solution back for
further studies. In the absorption spectrum of the optimized
R-CuNCs (re-dissolved in DMSO), the surface plasmon reso-
nance (SPR) band (~550-650 nm) that is typically a character-
istic feature of larger size metal nanoparticles was conspicu-
ously absent. This observation substantiated the conclusive
evidence of the presence of remarkably low dimensional
nanoclusters®’® (Fig. 1a). Upon excitation at 410 nm, the
R-CuNCs display an emission peak prominently centered at
~745 nm (Fig. 1a). The emission spectra of the R-CuNCs
demonstrate that the as-prepared CuNCs exhibit strong emis-
sion in the NIR region, characterized by a large Stokes shift of
~375 nm (the excitation peak being at 370 nm, Fig. 1a). This
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Fig. 1 Spectroscopic characterization of the R-CuNCs in DMSO. (a) Absorption, excitation, and emission spectra of the R-CuNCs, the inset shows
the images of the R-CuNCs under (i) visible light and (ii) UV light; (b) solid-state emission spectra (in red) of the R-CuNCs overlaying exactly with
their emission spectra in solution (in black), the inset shows the photograph of the R-CuNCs when coated on a glass slide which was used to record
the spectra in the solid state; (c) lifetime decay profile of the R-CuNCs; and (d) ESI-mass spectra of the R-CuNCs in positive ion mode, the right
panels show the overlay between the experimental and simulated patterns corresponding to the peaks at m/z values of 1279.50 and 1625.30.
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large Stokes shift observed is an indication that the emission
does not have much contribution from the intra-band trans-
mission (sp-sp) or inter-band transition (sp-d) within the
core. Instead, the emission observed herein from the CuNCs
originates from the ligand-to-metal charge transfer (LMCT) or
ligand-to-metal-to-metal charge transfer (LMMCT) from the
sulphur atom of the ligand to the Cu atoms and the radiative
relaxation likely occurs through a metal-centered triplet
state.’””*° The as-prepared CuNCs have a well-defined HOMO-
LUMO gap as evident from their excitation-dependent emis-
sion spectra, which do not display any shift in the emission
maxima (Fig. S2at). This also infers that the CuNCs were sub-
stantially homogeneous in terms of their size distribution (as
discussed later). In general, the small molecule-templated
MNCs are subject to several limitations, particularly concern-
ing their photostability. However, in our case, the CuNCs
exhibited exceptional photostability as evident from Fig. S2b.t
Moreover, the as-prepared CuNCs show strong PL in the solid
state without any change in the emission spectra; the
maximum being centered at ~745 nm (Fig. 1b). To compre-
hend the excited state of the CuNCs, we carried out time-
resolved measurements and estimated the excited state life-
time using a spectral LED source of 355 nm. Interestingly, the
R-CuNCs exhibited a very long excited state lifetime of around
~4 ps (Fig. 1c and Table S11). The exceptionally large lifetime
is indicative of the stabilization of the excited state of the
CuNCs, which is generally a consequence of the assembly of
the nanoclusters forming a superstructure.'®*"*> The lifetime
results are also in coherence with the large Stokes shift
obtained for the system, corroborating the fact that the PL of
the CuNCs is the result of LMCT and/or LMMCT.**°
Furthermore, to prove the involvement of LMCT/LMMCT in
the emission mechanism of the as-prepared CuNCs, we per-
formed the photoluminescence quenching experiment using
methyl viologen dichloride hydrate (MV?>") as a fluorophore.
MV>" is a well-known electron scavenger, which induces photo-
induced electron transfer (PET) from MNCs.***” Upon the
addition of MV?>" to the CuNC solution, the PL intensity of the
CuNCs is quenched (Fig. S3t1). The addition of MV>" to the
solution of CuNCs hinders the charge transfer from the
surface ligands to the metal core of the MNCs, which was
otherwise happening before the addition of MV>'. This is
reflected in the quenching of the PL intensity of the CuNCs
and happens only in the presence of the added MV>*".*%*
Therefore, this quenching depicts the prominent involvement
of LMCT/LMMCT, resulting in the emission of the CuNCs as
observed in this present investigation.

To have an estimate of the composition of the cluster core
comprising the CuNCs, we carried out ESI-mass spectrometry
analysis. The ESI-MS spectrum of the R-CuNCs carried out in
positive ion mode is shown in Fig. 1d. The two substantially
intense peaks centered at m/z values of 1279.50 and 1625.30
show a peak separation equal to 1 in their respective isotopic
patterns, indicating the overall charge of +1 on the detected
entity.'>*® The isotopic patterns of the peaks centered at m/z
values of 1279.50 and 1625.30 match well with the simulated
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isotopic mass pattern corresponding to the compositions
[Cuy;(2-MPy)s + Na + 2H]"' and [Cu,(2-MPy);, + 3Na]”,
respectively (right panel in Fig. 1d). The FT-IR spectrum of
only the ligand (2-MPy) shows a broad peak in the range of
3160-2770 cm™' due to the strong H-bonding between the
hydrogen of the N-H group and the sulphur atom of the
ligand (Fig. S4t). The disappearance of this broadband in the
FT-IR spectrum indicates the formation of CuNCs due to the
bonding between the ligand and the copper core (Fig. S47).

The TEM studies reveal a fascinating morphology of the as-
prepared CuNCs. The R-CuNCs were assembled into ordered
supramolecular hierarchical superstructures in the form of
three-dimensional cuboids (Fig. 2a-c). At a higher magnifi-
cation, discrete CuNCs getting self-assembled in the form of
cuboid-like superstructures could be clearly seen (Fig. 2d),
with the CuNCs having an average diameter of ~2.2 + 0.63 nm
as represented by their size-distribution plot (Fig. 2e). The for-
mation of these superstructures explains the exceptional
photo-physical properties including very large Stokes shifts,
excited state lifetimes in the range of microseconds, and the
NIR emission even after having such a small cluster core com-
position.*’ Due to the formation of the self-assemblies by the
CuNCs, the intramolecular rotation and the vibration of the
surface ligands get restricted which suppresses the non-radia-
tive pathways and enhances the radiative pathways which leads
to the highly intense PL, as mentioned before.*® Moreover, the
PL in the assembled nanoclusters is the result of metallophilic
interactions along with LMCT and LMMCT. Therefore, Cu---Cu
distances play a major role in deciding the emission energy
and other photo-physical properties of the nanocluster assem-
blies. Due to the formation of closely assembled ordered
superstructures, inter-cluster and intra-cluster Cu---Cu dis-
tances shorten, resulting in the NIR emission of the nano-
clusters.* The three-dimensional cuboid-like morphology of
the superstructures as revealed by the TEM images is also in
agreement with the SEM analysis (Fig. 2f and g). The super-
structures are discrete and three-dimensional as evident from
the SEM images (Fig. 2f and g). Moreover, the SEM-EDX ana-
lysis of the as-prepared R-CuNC superstructures revealed the
presence of Cu, N, and S which confirms the fact that these
superstructures are the result of self-assembling of the CuNCs
and eliminates all the other possibilities (Fig. S51). The most
possible reason behind the formation of such distinct and
ordered superstructures is the non-covalent interactions such
as n---7 stacking and C-H---x interactions between the surface
ligands (2-MPy) of the CuNCs. The =--- © and C-H--- = inter-
cluster interactions are well known to assemble the nano-
clusters into discrete superstructures, which in turn enhances
the PL, and produces unique photo-physical features including
NIR emission.'”:2%:3°

Elucidation of the TADF mechanism for R-CuNCs

To establish the reason behind such a long excited state life-
time, we carried out time-resolved emission spectroscopy
(TRES) measurements for the R-CuNCs. In time-gated
measurements, the normalized TRES spectra at a 4 ps delay

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a—d) TEM images of the R-CuNC superstructures at different scales; (e) size distribution plot of the R-CuNCs; and (f—g) SEM images of the

as-prepared R-CuNCs in DMSO.

time overlapped well with the steady-state emission spectra of
the R-CuNCs, which suggested the possibility of TADF in our
system®"*>> (Fig. 3a). The TADF mechanism is operational only
when there is a stable triplet state available for the emitter for
favorable intersystem crossing (ISC) from the singlet state to
the triplet state, and the energy gap between both the states
should be sufficiently less to favor the reverse inter-system
crossing (RISC), thus generating delayed fluorescence with a
long excited state lifetime.”"** To confirm the process of TADF
in our system, temperature-dependent PL studies were done.
For a TADF emitter, on increasing the temperature, the rate of
RISC increases which in turn increases the PL intensity
accompanied by a blue shift in the emission maxima.?**>* The
temperature-dependent emission profile of the as-prepared

This journal is © The Royal Society of Chemistry 2024

R-CuNCs is shown in Fig. 3b. On increasing the temperature
from 278.65 K to 348.15 K for the R-CuNCs, a prominent
increase in the PL intensity was observed (Fig. 3c),
accompanied by a blue shift in the emission maxima of
~30 nm, from 754 nm to 725 nm (Fig. S61). The blue shift in
the emission maxima upon increasing the temperature again
insinuated the TADF mechanism.>* The three-dimensional
emission spectra of the R-CuNCs as a function of temperature
depicting the enhancement in the emission intensity upon
increasing the temperature along with the blue shift in the
emission maxima are shown in Fig. 3d. Furthermore, to
confirm the TADF mechanism for the R-CuNCs, temperature-
dependent lifetime measurements were conducted using a
355 nm spectral-LED source. A sharp decrease in the emission
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Fig. 3 (a) TRES spectra of the R-CuNCs at a time delay of 4 ps (in black) coinciding well with the steady-state emission spectra (in red); (b) tempera-
ture-dependent photoluminescence profiles of the R-CuNCs on increasing the temperature from 278.65 K to 348.15 K; (c) maximum PL intensity vs.
temperature profile of the R-CuNCs; (d) a 3D plot representing the change in the emission spectra upon increasing the temperature; (e) variation in
lifetime decay upon increasing the temperature from 278.15 K to 348.15 K; (f) average lifetime vs. temperature profile of the as-prepared R-CuNCs
(error bars were determined based on three independent experiments); (g) TRES intensity as a function of excitation transmittance monitored at a
4 ps time delay; and (h) a plot representing the linear dependence between intensity integral and excitation transmittance (error bar + 5%). (j)
Schematic representation of various possible electronic transitions during TADF, fluorescence, and phosphorescence in the CuNCs.

decay time was observed upon increasing the temperature, as
shown in Fig. 3e and Table S2.7 The lifetime data were fitted
using the Boltzmann equation derived from the TADF

model:3%33
“AE(S; —Ty)
e (<)

T= (iii)

Cé»*d Zﬂ&—n§

Sl)xexp( T
B

where 7, 7(S,), and 7(T,) represent the average lifetime, singlet
state decay time, and triplet state decay time, respectively; Ky
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 an efficient TADF process,
AE(S;-T;) should be less than 3000 cm~'/370 meV.>*** On
fitting the average lifetime vs. temperature data (Fig. 3f),
AE(S;-T;) was found to be equal to 58.2 meV which is much
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less than 370 meV, indicating a very efficient TADF process for
the R-CuNCs, and the values of 7(T,) and (S;) were found to
be 11.6 pus and 177.85 ns, respectively (Table S37). Therefore,
these values substantiate the TADF mechanism which is oper-
ational for the system. Furthermore, to determine the nature
of the delayed fluorescence, the excitation transmittance-
dependent TRES measurements were performed.>® The change
in the PL intensity with excitation transmittance at an ~4 ps
delay time is depicted in Fig. 3g. On plotting the intensity inte-
gral as a function of excitation transmittance, a nearly linear
dependence (slope ~1.2) was observed (Fig. 3h), confirming
the thermally assisted nature of the delayed fluorescence
mechanism over triplet-triplet annihilation in the
R-CuNCs.?>>*® The increase in PL intensity upon increasing the
temperature is suggestive of the equilibrium between the
singlet and triplet states (Fig. 3i). Upon increasing the temp-
erature, the rate of RISC from the triplet state to the singlet
state increases, which in turn increases the delayed fluo-
rescence intensity of the R-CuNCs and it also results in the
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blue shift of the emission maxima.** Therefore, all the above
results confirm the presence of a very efficient TADF mecha-
nism in the R-CuNCs. Moreover, we also performed the photo-
luminescence and lifetime data measurements at 77 K
(Fig. S7t). As per our expectations, the emission maximum
corresponding to the R-CuNCs gets largely red-shifted from
725 nm at 348.15 K to ~800 nm at 77 K (Fig. S7at). The signifi-
cant red shift (of ~75 nm) in the emission maxima upon
decreasing the temperature further justifies the possibility of
TADF in our system.>* Additionally, we also performed the life-
time decay measurements at 77 K, as shown in Fig. S7b.}
The average lifetime corresponding to the R-CuNCs at 77 K
was estimated to be 8.53 us (Table S471). The large augmenta-
tion in the average lifetime value from 2.96 ps at 348.15 K to
8.53 s at 77 K is very well corroborated with our comprehen-
sion of the phenomenon of TADF which is operational in our
system.>?

Characterization of O-CuNCs

Furthermore, to establish the structure-property relationship
between the morphology of the superstructures and the spec-
troscopic signatures of the CuNCs, and to have a profound
insight into the features of CuNC superstructures, we per-
formed the synthesis in a slightly less polar solvent, ie.,
MeOH. Although orange-emitting CuNCs (termed O-CuNCs
hereafter) were successfully prepared using MeOH as the
solvent, the extremely low stability of the clusters was the
primary concern. Interestingly, the introduction of chloroform
(CHCL) into MeOH had a beneficial impact on the stability of
the O-CuNCs. A novel combination of the solvents, in an
appropriate ratio (v/v), provided a more favorable environment
to circumvent the stability issue of the CuNCs. The CuNCs
when prepared at an optimized MeOH : CHCl; (v/v) ratio of
4:6 were found to have the highest PL intensity (Fig. S8at)
and more stability than others. The reaction conditions were
further optimized by varying the reaction temperature and
metal-to-ligand concentration (Fig. S8b and ct). The CuNCs
display the highest PL intensity when synthesized at 45 °C and
at a metal-to-ligand concentration of 4:4 (Fig. S8b and cf¥).
Moreover, the as-prepared CuNCs were completely soluble in
the MeOH-CHCI; solvent mixture, forming a transparent
yellow-colored solution (rather than being colloidal as
observed in the former case of the R-CuNCs).

The distinct characteristic surface-plasmon resonance (SPR)
band of larger copper nanoparticles (550-650 nm) was absent
in the UV-Vis spectrum which convincingly supports that the
O-CuNCs obtained through our synthetic protocol were signifi-
cantly small in size and the system is free from larger size
metal nanoparticles®”*® (Fig. 4a). Furthermore, the CuNCs
exhibited orange emission with an emission maximum at
630 nm, when excited at 360 nm, resulting in a relatively
smaller Stokes shift of around ~270 nm (Fig. 4a) as against
375 nm for the R-CuNCs. The excitation-dependent emission
profile of the O-CuNCs also corroborates the homogeneous
nature of the CuNCs and that the maximum PL intensity is
obtained when excited at 360 nm (Fig. S9at). Moreover, the
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O-CuNCs were highly photostable as they showed an unaltered
PL intensity even after subjecting them to the excitation source
for ~30 minutes (Fig. S9bt). Control experiments show that
the emission at 630 nm is exclusively the result of the for-
mation of O-CuNCs (Fig. S10t). Excited state lifetime measure-
ments were carried out using a 355 nm spectral LED source.
The CuNCs again exhibited a long excited state lifetime of
around ~490 ns (Fig. 4b and Table S5t), which is 1/10™ the
average excited state lifetime of the R-CuNCs (Tables S5 and
S1t). Such a drastic change in the photo-physical properties
upon changing the solvent environment during their prepa-
ration triggered us to study this unexplored area.

The ESI-MS analysis of the O-CuNCs (Fig. 4c) represents
cluster core composition similar to that of the R-CuNCs. The
isotopic pattern for the most intense mass peak centered at an
m/z value of 1279.50 shows that the O-CuNCs also have the
composition as [Cuy(2-MPy); + Na + 2H]", along with that the
isotopic pattern of another mass peak at an m/z value of
1925.20 matches well with the isotopic pattern corresponding
to the composition [Cuyy(2-MPy);; + 3H]" (right panel in
Fig. 4c). These attest that although both the R-CuNCs and
O-CuNCs have the same compositions, they exhibit different
photo-physical signatures which can be ascribed to the
different solvent environments. However, it is not necessary
that the same chemical compositions of cluster cores always
lead to the same geometries; different geometries for the
same cluster core composition have also been reported.>”*°
Consequently, it is highly probable that different cluster core
geometries may lead to different emission energies. However,
several other factors may lead to distinct emission energies of
the R-CuNCs and O-CuNCs other than the different geometries
of the cluster cores. The crystal packing and morphology of the
assemblies also play a seminal role in determining the emis-
sion energies of the nanoclusters.®"

Interestingly, the O-CuNCs also assembled in the form of
superstructures but showcased a morphology different from
the R-CuNCs as evident from the TEM images of the O-CuNCs
(Fig. 5a and b). The O-CuNCs acquire a unique spherical mor-
phology to form their superstructures, as against the cuboid-
like geometry observed for the R-CuNCs.

These superstructures are discrete, highly ordered, and
homogeneous. The change in the morphology of the super-
structures along with the drastic change in the photo-physical
features of the CuNCs on changing the solvent used during
their preparation may be attributed to the fact that solvent
variation causes changes in (a) intra-cluster and inter-cluster
interactions and (b) solvent-cluster interactions. Thus, solvent
variation can affect the n-n and C-H---n interactions between
the ligands, which in turn may affect the process of self-assem-
bly of the MNCs. Previous reports suggest that solvent vari-
ation can also lead to different morphologies and crystal
packing of the nanocluster due to facile inter-cluster inter-
actions in one system from those of another.®® Previously, we
have also reported that the CuNCs form spherical super-
structures in protic solvents supported by the inter-ligand
H-bond interactions, which can be completely disassembled in
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Fig. 4 (a) Absorption, excitation, and emission spectra of the O-CuNCs, the inset shows the images of the O-CuNCs under (i) visible light and (ii)
UV light; (b) lifetime decay profile of the O-CuNCs; and (c) ESI-mass spectra of the O-CuNCs; the right panel represents the overlap between the
experimental and simulated patterns corresponding to the peaks at m/z values of 1279.50 and 1925.20.

other aprotic solvents, leading to a drastic change in their
photophysical properties."® Moreover, solvophobic interactions
are also known to modulate the morphology of the aggregates
within a few hours due to the enhancement in the n—r stacking
interactions in one solvent compared to another.®’
Additionally, the solvent system may interact with the MNCs
and can change the HOMO-LUMO energy levels, resulting in a
change of their spectroscopic properties as evident from their
emission wavelengths.®*®* The spherical morphology of the
O-CuNC superstructures was further confirmed by FE-SEM
analysis, as displayed in Fig. 5d-f. SEM-EDX analysis shows
the presence of copper, nitrogen, and sulphur in the CuNC
superstructures, which corroborates the fact that these super-
structures are the result of the formation of assemblies by the
O-CuNCs and also invalidates all the other possibilities

(Fig. 5g)-
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Excited state dynamics of O-CuNCs

To explore the excited state dynamics of the O-CuNCs, we per-
formed the TRES measurements using a 355 nm spectral LED
source. The TRES spectra at a delay time of ~500 ns overlapped
well with the steady-state emission spectra of the O-CuNCs
(Fig. 6a).>' The overlap between the TRES spectra at a 500 ns
delay time, and the steady-state emission spectra again indi-
cated the TADF mechanism for the O-CuNCs. Therefore, to
investigate the excited state decay mechanism, we performed
temperature-dependent PL studies for the O-CuNCs. Upon
increasing the temperature from 273.15 K to 313.15 K, a
sequential increment in the PL intensity of the O-CuNCs was
observed. However, on further increasing the temperature to
348.15 K, there was a smooth decrease in the PL intensity
(Fig. 6b). The bell-shaped curve obtained for the PL intensity
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Fig. 5 (a—c) TEM images of the O-CuNC superstructures at different scales; (d—f) SEM images of the as-prepared O-CuNC superstructures at
different scales; and (g) SEM-EDX analysis of the as-prepared O-CuNC superstructures representing all the elements present in the system, the inset
shows the presence of N, S, and Cu inside the superstructures along with their respective weight and atomic percentages.

(Fig. 6¢) upon increasing the temperature is also a signature of
the TADF mechanism.?” The increase in the PL intensity upon
increasing the temperature is due to the increased population
of the S; state from the T, state at higher temperatures.
Moreover, at very high temperatures, the thermal depopulation
of the excited state of the emitter results in the decrement of
the PL intensity.’> The increase in the PL intensity of the
O-CuNCs was accompanied by a blue shift in the emission
maxima (Fig. S11f). Upon increasing the temperature from
273.15 K to 348.15 K, the emission maxima of the O-CuNCs
shifted from 635 nm to 624 nm with a blue shift of ~11 nm
which was found to be lower than the blue shift for the
R-CuNCs (~30 nm), indicating the higher efficiency of RISC in
the R-CuNCs. Subsequently, to confirm the TADF mechanism
for the O-CuNCs and also to investigate the reason behind the

This journal is © The Royal Society of Chemistry 2024

variation in the photo-physical features of the O-CuNCs from
the R-CuNCs, temperature-dependent lifetime measurements
were performed for the O-CuNCs (Fig. 6d and Table S67).

An exponential decrement in the average lifetime upon
increasing the temperature was observed for the O-CuNCs as
well. Upon fitting the average lifetime vs. temperature curve
with the TADF model, the energy separation for the triplet and
singlet states was found to be 199.03 meV with z(T,) and (S;)
values of 1.3 us, and 0.10 ns, respectively (Fig. 6e and
Table S71). The singlet-triplet energy gap for the O-CuNCs was
estimated to be much higher as compared to the R-CuNCs.
Therefore, upon changing the solvent system from a polar
system (H,O/DMSO) to a less polar mixed solvent system
(MeOH and CHCl;), the extent of stabilization of the excited
states for both systems also changes. Consequently, this leads
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Fig. 6 (a) TRES spectra of the O-CuNC superstructures at a time delay of 500 ns exactly overlapping with the steady-state emission spectra; (b)

temperature-dependent photoluminescence profiles of the O-CuNCs as a function of increasing temperature from 273.15 K to 348.15 K; (c)
maximum PL intensity vs. temperature profile of the O-CuNCs; (d) temperature-dependent photoluminescence lifetime decay of the O-CuNCs; and
(e) average lifetime vs. temperature plot of the O-CuNCs fitted with the Boltzmann equation (eqn (iii)) (error bars were determined based on three

independent experiments).

to a difference in the energy separation between the singlet
and triplet states, affecting the TADF mechanism, and hence
affecting the photo-physical properties of the CuNCs as well.
This study infers that just by changing the solvent environ-
ment around the CuNCs, their supramolecular architecture
can be changed. Using this concept, the separation between
the excited singlet and triplet states can also be modulated
which in turn can be utilized in designing and fabricating
various optoelectronic devices.

Effect of electronic properties of the ligand on the modulation
of the AEg value for CuNCs

To investigate the effect of the electronic properties of the
ligands on the AE(S;-T;) value of the as-prepared CuNCs, the
R-CuNCs were prepared by using two other derivatives of
2-MPy having electron-withdrawing groups at the 5™ position,
namely 5-Cl-2-mercaptopyridine (MPyCl) and 5-Br-2-mercapto-
pyridine (MPyBr). The photo-physical features of the CuNCs
obtained from the chlorine derivative are shown in Fig. 7.

The UV-Vis spectra of the CuNCs obtained using the chlor-
ine derivative (i.e., CI-CuNCs) are shown in Fig. S12a.} The fea-
tureless absorption spectra without any signature of the
surface plasmon resonance band confirm the formation of
CuNCs, and the system is free from larger-size nanoparticles
(Fig. $121).>”*® The CI-CuNCs exhibit the emission maxima at
700 nm and the excitation maxima at 370 nm, with a large
Stokes shift of ~330 nm (Fig. 7a). The excitation-dependent
emission spectra of the CI-CuNCs are depicted in Fig. S12b,t
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highlighting the homogeneous nature of the as-prepared Cl-
CuNCs. Moreover, the Cl-CuNCs also display a temperature-
dependent photoluminescence behavior, similar to that of the
R-CuNCs (Fig. 7b). An increment in the PL intensity upon
increasing the temperature from 293.15 K to 333.15 K along
with a blue shift was observed, indicating the TADF nature of
the photoluminescence (Fig. S13a and bf). The normalized
plot for the temperature-dependent PL intensity also rep-
resents a blue shift in the emission maxima upon increasing
the temperature (Fig. 7¢). Furthermore, to quantify the AEg; 1
value for the CI-CuNCs, temperature-dependent lifetime
measurements were also performed. As depicted in Fig. 7d
and e, upon increasing the temperature from 293.15 K to
338.15 K, a sequential decrement in the average lifetime values
was observed (Table S8t). Furthermore, the AEg; r; values
were calculated by fitting the average lifetime vs. temperature
plot mentioned in eqn (iii).>*** On fitting the average lifetime
vs. temperature data, AE(S;-T;) was found to be equal to
111.5 meV which is much less than 370 meV, indicating an
efficient TADF process for the Cl-CuNCs, and the #(T;) and
7(S;) values were found to be equal to 9.46 ps and 77.86 ns,
respectively (Table S9t). Furthermore, to confirm the TADF
mechanism for the as-prepared Cl-CuNCs, TRES measure-
ments were performed. The overlap between the TRES plot
at an ~6.5 ps delay time and the steady-state spectra of the
Cl-CuNCs confirms the involvement of delayed fluorescence
in the photoluminescence mechanism for the system
(Fig. 7f).>"
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Fig. 7 Photo-physical studies of the CuNCs prepared from the chlorine derivative of the ligand, i.e., using MPyCl as a ligand. (a) Normalized exci-
tation and emission spectra of the CuNCs depicting the excitation maxima at 370 nm and the emission maxima at 700 nm; (b) temperature-depen-
dent PL spectra of the CuNCs; (c) normalized PL spectra of the CuNCs at different temperatures as marked in the figure; (d) lifetime decay profiles
of the CuNCs as a function of temperature, depicting a decrement in the average lifetime on increasing the temperature from 293.15 K to 338.15 K;
(e) average lifetime vs. temperature plot fitted using the TADF model (error bars were determined based on three independent experiments); and (f)
normalized steady-state spectra and TRES plot at an ~6.5 ps delay time depicting a significant overlap with each other.

Similarly, all the photophysical studies were performed for
the CuNCs prepared using the bromine derivative, i.e., the Br-
CuNCs as represented in Fig. S14-S16.1 The Br-CuNCs exhibit
the excitation maxima at 370 nm and the emission maxima at
700 nm similar to those of the CI-CuNCs (Fig. S14b¥). An incre-
ment in the PL intensity along with the blue shift upon
increasing the temperature was also observed for the Br-
CuNCs (Fig. S15t). The temperature-dependent lifetime
measurements for the Br-CuNCs are shown in Fig. S16 and
Table S10.f The AE(S;-T,) value was found to be equal to
67.4 meV for the Br-CuNCs, and the z(T,) and 7(S,) values were
found to be equal to 15.03 ps and 246 ns, respectively
(Table S117). A comparative representation of the fitting para-
meters obtained from the average lifetime vs. temperature plot
for the R-CuNCs, CI-CuNCs, and Br-CuNCs is shown in
Table 1.

From Table 1, we can conclude that on increasing the elec-
tron-withdrawing tendency of the ligand, the AE(S;-T,) value
for the CuNCs increases. The more electron-donating ligand
results in enhanced ligand-to-metal charge transfer and

Table 1 Fitting parameters obtained from the plot of average lifetime
vs. temperature for the R-CuNCs, Br-CuNCs, and CI-CuNCs

CuNCs AEs; 14 (meV) 7(T4) (ps) 7(S1) (ns)
R-CuNCs 58.2 11.6 177.8
Br-CuNCs 67.4 15.03 246.5
CI-CuNCs 111.5 9.5 77.9

This journal is © The Royal Society of Chemistry 2024

ligand-to-metal-to-metal charge transfer, which in turn
reduces the energy difference between the excited triplet and
excited singlet states, thus enhancing the TADF efficiency.

Conclusions

We prepared 2-mercaptopyridine-templated CuNCs in two
different solvent systems, the first one in water (termed
R-CuNCs) and the other one in a mixed solvent system of
MeOH and CHCI; (termed O-CuNCs). Both the systems exhibit
entirely different photo-physical properties and morphological
signatures; the R-CuNCs being NIR emitting with the emission
maxima at 745 nm and the O-CuNCs with orange emission
having the emission maxima at 630 nm. Along with their
solid-state emission, the R-CuNCs when studied in DMSO
acquire a cuboid-shaped morphology forming discrete super-
structures and retaining their spectroscopic signatures. In con-
trast, the O-CuNCs acquire a spherical morphology for their
superstructures in the mixed solvent system. From the ESI-
mass analysis data, it was found that both the CuNCs had the
same core compositions but exhibited distinct photo-physical
features due to the different solvent environments around
them. Furthermore, we established that both the systems
exhibit the TADF mechanism, with the difference in their
excited state energy separation values being attributed to their
varying photo-physical properties. The R-CuNCs exhibit an
exceptionally small singlet-triplet energy gap (AE(S,-T,)) of
~58.2 meV, whereas the O-CuNCs were characterized by an
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AE(S;-T;) value of ~200 meV. Thereafter, the study reveals that
the electronic structure of the ligand can be used to modulate
the energy gap between the excited singlet and triplet states
(AE(S;-T4)). The CuNCs formed by using electron-rich ligands
were found to have the lowest AE(S;-T,) value. Thus, the
present investigation reveals a unique methodology to prepare
systems with enhanced photophysical properties that can serve
as NIR TADF emitters without the use of any solid-state
matrices harvesting both the singlet and triplet states.
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