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ABSTRACT: Photoluminescence (PL) emission is an intriguing characteristic displayed by
atomically precise d' metal nanoclusters (NCs), renowned for their meticulous atomic
arrangements, which have captivated the scientific community. Cu(I) NCs are a focal point in
extensive research due to their abundance, cost-effectiveness, and unique luminescent attributes.
Despite similar core sizes, their luminescent characteristics vary, influenced by multiple factors.
Progress hinges on synthesizing new NCs and modifying existing ones, with postsynthetic
alterations impacting emission properties. The rapid advancements in this field pose challenges
in discerning essential points for excelling amidst competition with other d'® NCs. This
Perspective explores the intricate origins of PL emission in Cu(I) NCs, providing a
comprehensive review of their correlated structural architectures. Understanding the
mechanistic origin of PL emission in each cluster is crucial for correlating diverse characteristics,
contributing to a deeper comprehension from both fundamental and applied scientific perspectives.
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Cu Nanocluster

he field of metal nanocluster (NC) research is of the NC.>*** Interestingly, in the traditional noble metal

experiencing remarkable progress as researchers delve NCs, it has been observed that the size and conformation of
into the intricacies of diverse structural architectures and their these protective ligands also influence the precise properties of
associated properties.' > One intriguing aspect of this research the NCs.
is the transition from traditional metal candidates like gold The captivating property of photoluminescence (PL)
(Au) and silver (Ag) to copper (Cu).°”" Similar to other distinguishes itself prominently in the realm of atomically
NCs, Cu NCs also possess a noteworthy quality known as precise d'° metal clusters.”® The luminescent characteristics of
monodispersity, which is characterized by well-defined these clusters are rooted in the charge transfer phenomenon
molecular formulas.'® However, a significant challenge in this primarily shaped by metallophilic interactions and ligand
domain is achieving that precise molecular purity at the properties. Particularly, the focus is on Cu(I) clusters within
nanoscale.” This challenge is rooted in the elusive growth this class, garnering considerable attention due to their
mechanisms that govern the formation of all of the other NCs. abundance, cost-effectiveness, versatility in reacting with
Recent scientific endeavors have shed light on certain key various ligands, and favorable low-energy ligand-to-metal
factors that offer precise control over the growth of general charge transfer or cluster-centered transitions. These specific

NCs.'>?°7** Importantly, these factors are intricately tied to
the choice of metal atom used in the NC formation process. As
researchers make the transition to Cu from their more
traditional Au and Ag counterparts, they encounter challenges
analogous to those faced during the initial exploration of NCs.

Beyond the synthesis of NCs, ensuring their stability is of
paramount s.igniﬁcanc¢3.23_25 Cu, despite sharing the same
group on the periodic table with Au and Ag, exhibits a notably
distinct half-cell reduction potential. This differential potential
significantly influences the stability and the associated
properties of the newly synthesized NCs.”*"** Furthermore,
the structural architecture of ligands, molecules, or ions that
attach to the surface of the NCs assumes a pivotal role in
shaping the overall stability of these NCs.””** Ligands act as a
protective shield, forming a crucial layer that separates the
metallic core of the NC from the external environment.'>*"
This barrier contributes significantly to the structural integrity

attributes open up exciting possibilities for diverse applications,
such as the advancement of highly luminescent sensors, the
creation of innovative biomarkers, and the design of organic
light-emitting devices with enhanced luminosity.'”**~"
However, due to size constraints, these NCs lack character-
istics of surface plasmonic resonance at 500—600 nm.*®
Instead, there is a prevalent emergence of absorption peaks in
the higher wavelength region. These peaks are often attributed
to interband electronic transitions, and their characteristics are
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Figure 1. Structural architecture of (a) [Cu,(p-S-C¢H,-NMe,),(PPh,y),], (b) Cu,(p-S-C¢H,-OSiMe;)(SPh)4(PPhy),], (c)
[Cug("‘BuC¢H,S)s(PPh,),], and (d) [Cug(SPh)s(PPh,),] NCs and their difference in emission maximum with different excitation. Recreated
from the cif deposition of the original articles. In all structures, Cu is displayed in brown, S in yellow, P in violet, O in red, N in blue, Cl in green,

and C in gray sticks. Other ligands were removed for clarity.

inclined to the protective ligand system.39’4o Siwach and

coauthors meticulously investigated the luminescent character-
istics of Cu NPs.*" Their comprehensive study unveiled a weak
PL emission with a peak at 296 nm. This emission
phenomenon was ascribed to transitions originating from
excited states to Cu 3d. Concurrently, an earlier investigation
conducted by Vazquez et al. reported Cu NCs synthesis
through a microemulsion technique.*” In this instance, the
observed PL emission was exhibited in a distinct blue region.
However, subsequent research endeavors have brought to light
a spectrum of PL emission colors associated with different Cu
NCs, all over the visible region.

Initially, the assumption prevailed that discrepancies in
emission properties between NPs and NCs were confined to
their quantized electronic orbitals.”> To substantiate this
notion, the Jellium model was introduced, with the intention
of elucidating the emission characteristics of NCs across
varying size scales. This model proved effective at starting in
elucidating the emission properties of diverse Cu NCs. For
instance, Cu NCs with metal cores of Cug, Cu,3, and Cu,,
stabilized by [N(C,H,),]*, exhibited PL emissions at 305, 425,
and 500 nm, respectively.”” However, this apparent simplicity
was short-lived, as exceptions emerged within this series. Cu;
NCs stabilized by BSA (bovine serum albumin), for instance,
defied the trend by displaying PL emission peaking at 410
nm.* Another deviation was observed in histidine-protected
Cu NCs, which contained varying numbers of Cu atoms,
mostly ranging from 3 to 6, yet exhibited nearly identical
emission maxima around the 456 nm region.46 Consequently,
the Jellium model fell short in accurately describing the
emission properties as the number of Cu NCs increased,
particularly those with surfaces protected by diverse ligands.
This underscores the key role of ligands. Delving into the
intricate relationship between surface ligands and the emission
properties of Cu NCs necessitated the acquisition of
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structurally characterized Cu NCs. This pursuit embarked
upon a protracted journey, tracing its origins back to the
synthesis of copper-halide complexes. The synthesis of these
Cu(I)-halide complexes has been a focal point of researchers,
primarily due to their remarkable emissive properties and high
quantum yields (QYs)."’ ™' The majority of these Cu(I)-
halide complexes have garnered attention for their pronounced
phosphorescence, typically manifesting in the 550—650 nm
range.”””” Moreover, in the solid state these complexes exhibit
intriguing thermochromic behavior.”® This behavior can be
understood through the interaction between the cluster-
centered triplet and the dynamics of charge transfer that
occurs between the halide ligands and the Cu atoms within the
complexes. This intricate interplay exposes the detailed
mechanisms that govern the emission characteristics of these
complexes, underscoring the significance of a comprehensive
understanding of the structural distinctions inherent in them.

Subsequent to a dedicated exploration for novel Cu NCs
featuring distinct structures, a plethora of organic ligands, such
as thiolates, phosphines, and alkynes, have been systematically
ernployed.l1’28’54_65 However, despite these endeavors, not all
of these NCs exhibit emission characteristics. In this context,
our discussion delves into the subset of structurally
characterized Cu NCs that do demonstrate luminescence
properties, as we strive to unravel the underlying origins of
their luminescent behavior. Langer et al. synthesized and
crystallized a series of Cu(I)-thiolate complexes and examined
their PL emission properties.” While employing a reaction
protocol similar to the one used previously, they employed
distinct tertiary mono- or bidentate phosphane ligands.
However, they observed no direct connectivity between
Cu(I) atoms, but they identified the bond distances lower
than twice the van der Waal radius of Cu(I) atom in some of
the cases. So, based on this consideration we choose two
polynuclear Cu(I) complexes which can be assigned as Cu

https://doi.org/10.1021/acs.jpclett.3c03374
J. Phys. Chem. Lett. 2024, 15, 947—958


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03374?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03374?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03374?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03374?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

NCs which are [Cu,(p-S-C¢H,-NMe, ),(PPh;),] (Me: methyl;
Ph: phenyl) (Figure la) and [Cu,(p-S-C4H,-OSiMe,)-
(SPh)¢(PPh;),] (Figure 1b). Both of these NCs were
synthesized using a uniform reaction protocol, with the only
variation being the thiolate ligands employed. Despite
crystallizing in the same space group, signifying a comparable
geometric architecture, the average cuprophilic interactions
differ due to the distinct coordination thiolate ligands.
Specifically, the Cu—Cu distance in the NC with a single
thiolate ligand is 2.7871, while in the NC with mixed thiolate
ligands it is 2.8201. Although both NCs exhibit similar solid-
state absorbance characteristics, disparities emerge in their
absorbance edges. The detected absorptions predominantly
result from charge transfer, influenced by cuprophilic
interactions. The variation in absorption wavelengths is
attributed to the favored electron donation ability from
dimethylamine groups compared to trimethylsiloxyl substitu-
ents. This observation aligns with the solid-state emission
properties, where the mixed thiolate-ligand-containing Cu NC
displays a 30 nm blue shift in the emission maximum, reaching
530 nm.

The ligand serves as a pivotal factor influencing alterations in
cluster properties as it is mostly dependent on their structural
architecture. Any change in the ligands part will directly
influence the overall architecture of the cluster.’” In addition,
the affinity of the cluster for a specific solvent is significantly
contingent upon the nature of the ligand. Furthermore, the
stability of the cluster hinges on the effectiveness of the ligands
in shielding a delicate core from the surrounding environment.
This underscores the intricate role of ligands in not only
dictating solvent compatibility but also safeguarding the
stability of the cluster against external influences. Sun et al.
successfully synthesized and crystallized
[Cug(‘BuCgH,S)s(PPhy),] (Bu: butyl) NC (Figure 1c),
revealing a distinctive metallic architecture resembling a
twisted Cug octahedron.”® Two additional Cu atoms cap
opposite triangles through weak cuprophilic interactions,
creating a structural arrangement unique to the previous.
The measured Cu—Cu distances were 2.796(9) to 3.024(8) A.
The protective ligands are strategically affixed to the surface of
the NC, promoting favorable intercluster 7— interactions that
drive the supramolecular assembly of the cluster. This
supramolecular assembly not only optimizes bond distances
between the Cu atoms but also enhances the interaction
between them. In a dichloromethane solution, it displays an
absorbance peak at 262 nm, closely corresponding to the
calculated peak at 271 nm. Theoretical calculations suggest
that this absorption band originates from the transition
between the HOMO—9 and LUMO+2 orbitals, wherein the
occupied orbitals are predominantly composed of Cu and S
orbitals and the unoccupied orbitals consists mainly of PPh,
ligands. So, this orbital distribution suggests the presence of a
metal-to-ligand charge transition in this context. Upon
excitation at 340 nm, the NC demonstrates solid-state
emission, peaking at 530 nm with a QY of 8.74%, and an
emission lifetime of 8.36 us. Interestingly, it was observed that
the emission energy remains unaffected by temperature
changes, suggesting restricted intramolecular rotation in its
solid state. The high-energy emission band with a large lifetime
is likely to be attributed to a mixed charge-transfer
phenomenon. However, to compare the PL emission proper-
ties of this supramolecular self-assembly with the kinetically
controlled supramolecular assembly, they prepared thermody-

949

namically stable aggregate of this NC in dichloromethane and
ethanol medium. They identified that the thermodynamically
stable aggregate exhibits a maximum emission peak at 660 nm,
indicating a lower emission energy compared with what is
observed in the solid state. This variance is ascribed to the
prevalence of the cluster-centered transition state within the
thermodynamically stable aggregate. So, the low-energy
emission band emerges from the cluster-centered transition
process, distinct from the mixed charge-transfer mechanism
observed in the solid state of the same NC. They also
uncovered that the cluster-centered transition state is
profoundly influenced by the solvent polarity. This influence
plays a pivotal role in controlling the degree of aggregation,
thereby regulating the cuprophilic interactions within the
cluster unit. This intricate interplay enhances the intensity of
the cluster-centered transition and concurrently reduces its
emission energy, highlighting the intricate relationship between
solvent conditions and the photophysical properties of the
thermodynamically stable aggregate. The impact becomes
more prominent in Cu;sH(PhC,H,S),4(PPh;),(NCS),; NC,
featuring a pseudo Dj-symmetrical triple-helical Cu,5 core.””
Distinctive interactions enable this nanocomposite to demon-
strate enhancements in emission due to crystallization and
aggregation effects in the deep-red spectrum. The intriguing
influence of ligands on cluster sizes, coupled with the capacity
of altering reaction conditions to stabilize clusters of similar
sizes, opens up a valuable avenue for exploring and
understanding the characteristics of clusters sharing identical
core sizes but featuring diverse ligands. This unique capability
provides an exceptional opportunity to delve into the
intricacies of cluster—ligand interactions and their consequen-
tial effects on properties. For example, Ke et al. reported
another Cug NC with a different thiolate ligand and denoted
by the formula [Cug(SPh)g(PPh;),] (Figure 1d).”° The
synthesis involved a one-pot reaction process wherein CuCl
was treated in the presence of thiolate and phosphonate ligand
precursors in an acetonitrile and dichloromethane solution
mixture, followed by NaBH, reduction. The resulting
molecular architecture features two Cu,S,P, units intricately
linked by four S—Cu bonds. A notable aspect is the dual
coordination modes exhibited by S atoms within the Cug
cluster, and the presence of a cuprophilic interaction at the
cluster node adds an additional layer of complexity. Delving
into the investigation of luminescent properties in the solid
state, they observed an emission band with its peak centered at
655 nm. Upon cooling the system to 80 K, a noticeable 35 nm
shift was observed in the maximum emission band,
accompanied by the appearance of a new peak at 560 nm.
So, this NC displays a dual-emission profile in the solid state at
80 K. This unique phenomenon was ascribed to a synergistic
interplay between the cluster-centered excited state and
metal—ligand charge transfer, triggered by the temperature-
dependent Cu—Cu distance. Hence, the noticeable disparities
in the emission properties observed in the two Cug NCs can be
can be traced back to the varied metallic arrangements
facilitated by diverse ligand compositions. As integral
components of the NCs, variations in ligands directly influence
the cuprophilic interactions within the solid-state environment.
Thus, these variances in cuprophilic interactions contribute to
the diverse manifestation of emission characteristics in the Cu
NCs, highlighting the intricate relationship among ligand
composition, metallic arrangement, and resulting optical
properties in the solid state.

https://doi.org/10.1021/acs.jpclett.3c03374
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Figure 2. (a) Structural architecture of [Cu,;(SC,H;3)s(PPh;)s]** NC, (b) its absorbance in chloroform medium, (c) excitation (dotted line) and
emission spectra (solid line) of this NC in solid state (red in color) and solution (blue in color), and (d) temperature dependence of emission in
the solid state. Adapted with permission from ref 71. Copyright 2020 American Chemical Society.

Observations indicate a shift in emission properties from
Cu, to Cug NCs, leading to the conclusion that the emission
characteristics of Cu NCs are intricately linked to the number
of Cu atoms in the structure, determining the size of the NC as
well. Hence, the modification of the Cu atom count is essential,
and this can be accomplished by making changes to the ligand
architecture given its significant influence on the inner
structure. While phosphonate ligands are commonly employed
to ensure the stability of a specific structure, their impact on
determining the overall number of Cu atoms in a structure is
limited. Therefore, the scope for modifying the core structure
narrows down, with thiolate ligands emerging as the primary
option for effecting changes in the Cu atom composition
within the thiolate of a mixed ligand containing Cu NCs.
Adhering to this procedure, Li et al. synthesized the
[Cu;,(SCioH,3)(PPh;)s]** NC (Figure 2a) by using 4-tert-
butylbenzenethiol.”" The Cu(I) complexes were produced by
treating CuCl with ligand precursors, in conjunction with
tetraoctylammonium bromide, in a chloroform and methanol
solution mixture. Subsequent reduction was achieved by using
NaBH,. The complex structure of this NC reveals a triangular
bipyramidal Cu; core unit encircled by three Cu,S;P, motifs.
Remarkably, the distances between the metal atoms within the
Cus unit span from 2.783 to 3.295 A, indicating weak
cuprophilic interactions. In a chloroform medium, this NC
displays a UV—vis spectrum with a shoulder peak appearing at
400 nm (Figure 2b). However, an increase in the shoulder
peak intensity was observed at low temperature without any
noticeable shifts. They attributed this observation to
elucidating the stability in the electronic structure of this NC
at lower temperatures. Additionally, they determined that this
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transition corresponds to the HOMO-3 to LUMO+16
transition. The Kohn—Sham molecular orbital analysis reveals
that occupied orbitals consist of Cu(3d) and S(3p) orbitals,
while unoccupied orbitals are composed of the surface ligands.
In addition, the chloroform solution of this NC displays an
emission maximum at 685 nm, corresponding to the transition
from the core to the ligands upon excitation at 400 nm (Figure
2c). However, the solid-state emission peak undergoes a
noticeable blue shift of ~10 nm compared with the solution.
The absolute QY of the solid-state emission is 22%,
significantly higher than the QY in the chloroform solution,
which is 7%. This difference is attributed to the confinement of
intramolecular motions in the solid state. This observation was
further confirmed by examining the emission spectrum at
lower temperatures. Between 300 and 100 K, the emission
intensity gradually increased, suggesting a significant reduction
in energy loss due to nonradiative decay in this temperature
range (Figure 2d). Meanwhile, the temperature-independent
emission intensity observed below 100 K indicates cluster-
centered emission properties controlled by cuprophilic
interactions. Therefore, this investigation deduces that the
emission of this NC originates from the synergistic interaction
between a cluster-centered triplet excited state and metal—
ligand charge transfer.

Nematulloev et al. conducted the synthesis of the
[Cuy5(PPh;)s(PET)3]** (PET: 2-phenylethanthiolate) NC,
employing another thiolate ligand.”” In the course of the
reaction, ligand precursors were initially treated with [Cu-
(CH,CN),]BF, in an acetonitrile and chloroform solvent
mixture, followed by NaBH, reduction. Despite no apparent
reduction occurring in the Cu(I) center, reduction remains a

https://doi.org/10.1021/acs.jpclett.3c03374
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Figure 3. (a) Structural architecture of [Cu3H,,(SC¢H;CIF)4(PPh;),] NC, (b) its absorbance in solution, and (c) excitation and emission in
solution. Adapted with permission from ref 74. Copyright 2023 Royal Society of Chemistry. (d) Structural architecture of the
[Cus(SC3H;)36(PPhy)g]*, (e) its absorbance in solution, and (f) its emission in chloroform medium. Adapted with permission from ref 75.

Copyright 2023 Royal Society of Chemistry.

crucial step, vital for attaining a precise structural architecture.
This NC features a distorted trigonal antiprismatic Cuy core
where cuprophilic interactions serve as the primary binding
force. The detailed analysis of the Cu—Cu distances within this
specific configuration unveils a range spanning from 2.56 to
2.93 A. The overall structural arrangement embraces a distinct
“triblade fan” like arrangement that imparts practical chirality
to this NC. Notably, weak intermolecular ligand interactions,
including 7—n stacking and C—Hr interactions, significantly
contribute to the formation of centrosymmetric supra-
molecular dimers, involving the two opposite enantiomers.
Anyway, in a chloroform medium, this NC displays a UV—vis
absorbance at 404 nm. They identified that the primary
localization of the estimated HOMO is within the Cu, P, and S
atoms, while the LUMO extends across the central core and
partial ligands. Upon excitation at 473 nm, it exhibits a PL
emission at 720 nm. A comparative analysis of the PL emission
intensity between the crystalline and solution states under-
scores significantly stronger emission in the crystalline state
(QY 3.2%) compared to the weak emission observed in
solution (QY 0.1%). The increased emission intensity
observed in the solid state can be ascribed to the existence
of extended 7—z and C—Hzx intermolecular interactions,
whereas the disordered configuration of cluster molecules in
solvent hinders establishment of consistent intermolecular
interactions, leading to a reduced emission intensity in the
solution state. Moreover, a transition in the emission lifetime is
noted, shifting from the nanosecond to the microsecond scale.
This transition reveals the radiative recombination process for
phosphorescence originating from an excited triplet state.
Once again, the significance of intermolecular interaction has
been demonstrated, with Jin et al. highlighting the favorable
role of hydrogen bonding in the generation of red emission at
680 nm within a chiral arrangement of the [Cus(SBu)y]”
NCs.”? In line with an earlier report, it was noted that the
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origin of this emission stems from an excited triplet state,
primarily attributed to ligand-to-metal charge transfer. Lin et
al. recently synthesized the 2-chloro-4-fluorobenzenethiol and
phenyl phosphine-protected [Cu,3H;,(SC4H,CIF);(PPh,),]
NC (Figure 3a) using a solvent-mediated precipitating
synthesis method.”* In this intricate procedure, CuBr was
initially stirred in an acetonitrile medium followed by the
addition of methanol and dichloromethane with subsequent
stirring. PPhy and 2-chloro-4-fluorobenzenethiol were then
introduced initially, and then the reduction was accomplished
by adding NaBH,, which was confirmed as the source of
hydrides in the reaction. The structural analysis reveals that the
Cuy; kernel comprises four tetrahedrons that share three
vertices, forming a distinct configuration resembling a triblade
fan as previously noted. The Cu—Cu bond lengths in this
configuration vary from 2.415 to 2.792 A, suggesting more
robust Cu—Cu interactions when compared to previously
discussed Cu NCs. The steady-state UV—vis absorption
spectrum exhibited four broad absorbance peaks at 305, 325,
340, and 360 nm (Figure 3b). The Kohn—Sham molecular
orbital analysis was instrumental in elucidating the origins of
these absorption peaks, unveiling transitions between the 3d
and 4p orbitals of Cu. However, the remaining peaks were
attributed to transitions between Cu (3d) and ligand 7*. The
excitation spectrum displayed three notable peaks, accom-
panied by a shoulder around 360 nm (Figure 3c). Excitation at
375 nm resulted in an emission spectrum with a maximum at
434 nm. However, at lower temperatures, there was an increase
in the emission intensity, suggesting the potential occurrence
of emission arising from the ligand-to-metal charge transfer
process. So, the emission of this NC is mainly driven by the
exchange of charges between surface ligands, which possess
electron-donating capabilities, and the Cu atoms at the core,
which have electron-withdrawing capabilities. In our attempt,
we successfully synthesized the [Cugg(SC3H,)+4(PPh;)s]** NC

https://doi.org/10.1021/acs.jpclett.3c03374
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by using propanethiol.” The reaction involves treating
Cu(CH,CN),BF, with ligand precursors. This procedure
occurs in a meticulously designed solvent mixture of
acetonitrile and chloroform (4:1) at room temperature,
followed by a crucial NaBH, reduction step in methanol.
The utilization of the ternary solvent medium plays a pivotal
role in both regulating the reduction process and influencing
the crystal growth. Upon a detailed structural analysis, we
discovered that this NC exhibits a nested Keplerian
architecture. At its core lies a cubic Cug geometry, surrounded
by four cationic shells and five anionic shells. Notably, the
average Cu—Cu distance within the cubic core measures
2.6541 A, falling within the category of strong cuprophilic
interactions. In the cationic shells, although the interaction is
slightly less, it remains within the limits of the cuprophilic
interactions. Among the five anionic shells, two are composed
of thiolate ligands, one of phosphonate ligands, and the
remaining two of hydrides. This NC exhibits a gradual
decrease in absorbance from 250 nm onward without any
prominent peaks. However, upon excitation at 405 nm, NC
demonstrates an emission profile with a peak at 673 nm. The
QY of this emission is measured at 0.38, and the emission
lifetime is found to be 1.42 us. Theoretical calculations
unveiled that the HOMO of this NC is located in the —1.5263
eV band region with a triple degeneracy and a predominant
composition of thiolate and hydride ligands. In contrast, the
LUMO at —0.0045 €V is primarily derived from the Cug cubic
core. Therefore, the observed emission is ascribed to electronic
transitions between the combined shell and core. Interestingly,
an analogous structure, [CusgH,o(PET)34(PPh;),]*", reported
by Dong et al., shares a similar UV—vis absorption profile.”®
However, they did not explore its luminescent properties.
However, interestingly when one Cu atom was strategically
removed from the cluster unit, generating
[Cug;Hyo(PET)34(PPhy),]*, the UV—vis absorption profile
remained similar. Nonetheless, distinct differences in transient
absorption properties were identified, emphasizing the impact
of changes in metallic architecture on the generation of new
phenomena during shell-to-core-charge transition processes.
Thus, the variation in the number of Cu atoms in the cluster
node results in distinct emission properties, each stemming
from the unique characteristics of the cluster node. However, a
commonality in all of the aforementioned examples is that all
Cu atoms are monovalent. Given that Cu can exhibit variable
oxidation states, exploring the emission properties in scenarios
in which mixed-valence Cu atoms are present in the structure
becomes highly desirable. Das et al. reported a core—shell Cu
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NC denoted by [Cu;sH;(SCoH;s),(PPh;),Cl,] NC (Figure
4a) where both Cu(0) and Cu(I) are present.”” The previously
discussed ternary solvent reaction method was employed for
the synthesis of this NC. Notably, their investigation unveiled
that the structure is composed of a Cu,(H;Cl, core and a
CugS,,P, shell. The distinctive construction of the core
involves the fusion of a Cug octahedron and a Cug square
pyramid through a vertex-sharing Cu(0) atom. The Cu—Cu
distances within the core ranged from 2.475 to 2.989 A,
suggesting the presence of potential cuprophilic interactions.
Furthermore, they also identified multiple point defects relative
to the pseudoisostructural [Ag,;(SC,H,Ph)s(PPh;)s] NC,
contributing to structural stability through shell atom
reconstruction.”® In a chloroform medium, this NC displays
an absorbance spectrum featuring peaks at 390 and 450 nm
(Figure 4b). These peaks are associated with transitions
HOMO — LUMO+16 and HOMO — LUMO+8, respec-
tively. Kohn—Sham molecular orbital analysis revealed
significant d-orbital contributions to the occupied orbitals of
the Cug octahedron, including contributions from the Cug
square pyramid and nonbonding ligand states in the
unoccupied orbitals, attributing the optical transitions between
the two cores through Cu(0) center. Hence, the presence of
the Cu(0) center emerges as a crucial factor in understanding
the electronic transitions of the system. However, at 350 nm
excitation, it exhibits violet emission with a peak at 420 nm,
attributed to interband electronic relaxation within the core
(QY of 0.32%, Figure 4c), with a lifetime of 0.26 ns. To
enhance emission QY, the surface was rigidified through
supramolecular adduct formation with f-cyclodextrin (-CD),
leading to a substantial improvement in the emission lifetime
(Figure 4c). The identified reduction in nonradiative relaxation
rates after adduct formation closely mirrors the suppression of
intramolecular motion within the NC. So, the observed
enhancement in emission behavior was attributed to the
effective suppression of nonradiative relaxation rates. Empha-
sizing the importance of supramolecular adduct formation, this
study underscored its role in enhancing both emission QY and
lifetime, especially in solid-state emission properties where the
formation of adduct restricts intramolecular motion. In another
report, Wu et al. unveiled the defect-induced emission
properties of Cu NCs.”” Dodecanethiol-capped Cu NCs
were synthesized, and nanosheets were prepared by introduc-
ing dibenzyl ether. To enhance the metal defects on the
surface, they added ethanol intentionally, which ultimately
increased the Cu(I)-to-Cu(0) ratio. This specific composition
notably impacts ligand-to-metal—metal charge transfer pro-
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cesses, consequently enhancing the radiative relaxation of
excitons. Furthermore, Li et al. synthesized another Cu(0)
containing NC, Cuy4(C,BH;(S,)s(CH;CN),, by treating
Cu(CF,C0OO0), with 1,2-dithiol-o-carborane in an acetoni-
trile-tetrahydrofuran medium.*” The structural analysis re-
vealed that this NC contains a cubic Cuy, core, where each face
is capped by bidentate carborane ligands and each vertex is
capped by CH;CN. A noteworthy observation is that specific
Cu—Cu distances within the core are shorter than typical
metallic Cu—Cu bonds, indicating the presence of a Cu(0)
state. The UV—vis absorbance peaks at 294 and 339 nm
correspond to electronic transitions from HOMO-20 to
LUMO and HOMO-6 to LUMO+I, respectively. Upon
excitation at 400 nm, it emits at 637 and 661 nm (QY = 0.31),
with a large lifetime of 5.13 ps, indicative of spin-forbidden
triplet phosphorescence. The emission arises from transitions
involving S-type HOMO—6 and ligand-based HOMOs to P-
type LUMOs. Photoexcitation leads to electron influx into
superatomic 1P orbitals, causing distortions in excited states,
contributing to a substantial Stokes shift.

The examples provided above clearly illustrate how the
thiolate ligand, both independently and in conjunction with
the phosphonate, plays a crucial role in controlling the
emission properties of Cu NCs. Now, our attention turns
toward understanding the emission characteristics of Cu NCs
when an entirely different ligand system is introduced. Zhuo et
al. synthesized [Cu,s(‘BuC=C),,(CF;CO0);]['BuC=CH]
and [Cu,4(‘BuC=C),,(CF,C00),(CH;0H),] NCs through
an in situ comproportionation reaction, showcasing their
distinctive thermochromic luminescence.®’ During the reac-
tion, Cu(CF;COO0), reacts with ‘BuC=CH in methanol,
facilitated by metallic copper powder. The cluster cores are
linked through moderate cuprophilic interactions, with a
slightly stronger connection observed in the Cu,s core. The
Cuy; core-containing NC displays a broad absorption spectrum
spanning from 230 to 500 nm, lacking a distinct identifiable
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peak. In contrast, the Cu,4 core-containing NC reveals three
well-defined peaks centered at 252, 330, and 450 nm within
the same solid-state absorption region. The analysis attributes
the peaks in the 250—400 nm and visible regions to the 7 —
7 transition and charge transfer, respectively. Upon excitation
at 365 nm, Cuj; and Cuy core-containing NCs exhibit
emission bands at 710 and 680 nm, respectively. The proposed
association of these identified near-infrared emission bands is
with a spin-forbidden excited state combined with cluster-
centered characteristics influenced by cuprophilic interactions.
Distinctive thermochromic luminescent behaviors were also
noted, with the Cu,s core-containing NC showing the most
pronounced response. Gradual cooling to 93 K results in a
remarkable 17-fold enrichment in the emission intensity of that
NC, accompanied by a progressive red shift in the peak from
710 to 793 nm. This improved emission intensity upon cooling
is attributed to the reduction of the nonradiative decay.
Whereas, the red-shifted phosphorescence is correlated with a
decrease in the energy gap of the transition state, caused by
shorter Cu—Cu contacts. They also identified a 1.7% reduction
in the mean Cu—Cu distance from 273 to 93 K. So, the
improved overlap of s and p atomic orbitals between
neighboring Cu(I) centers reduces the energy gap of the
cluster center transition state, resulting in emission at a longer
wavelength. Zhang et al. discovered two additional Cu NCs
that demonstrate near-infrared (NIR) emission.”” The
synthesized [Cu;s("BuCC),,NO;] displays emission maximum
at 871 nm when excited at 500 nm, while upon similar
excitation, the [Cuys(‘BuCC),,(SO,),(OMe),] NC exhibits
emission maximum at 748 nm. This discrepancy is attributed
to variations in their Cu—Cu distances, which, in turn,
influence the mechanistic pathway of the emission. Jia et al.
synthesized [Cuy;(4-MeO-PhC=C),,(dppe);](ClO,),
(dppe: 1,2-bis(diphenylphosphino)ethane) which exhibits an
exceptional emission maximum at 1250 nm upon excitation at
480 nm.*’ In an another study, Zhang et al. reported the
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Table 1. Luminescence of Various Structurally Characterized Cu NCs

Cu NCs Average Cu—Cu bond length (A)  Excitation wavelength (nm)  Emission maximum (nm)  Reference
[Cu,(p-S-C¢H,-NMe,),(PPh,),] 2.7871 400 560 66
Cu,(p-S-C4H,-OSiMe; ) (SPh)4(PPh,),] 2.8201 400 530 66
[Cug(*BuCgH,S)s(PPh,),] 2.9109 340 530 68
[Cug(SPh)g(PPh;),] 2.7452 405 655 70
[Cu;(SCioH13)s(PPhy)6]* 3.0392 400 685 71
[Cu,3H,0(SC¢H;CIF),(PPh;),] 2.6035 375 434 74
Cu,4(C,B10H;0S,)6(CH;CN), 24926 400 637, 661 80
[Cuy4(R/S-DPM),](PF¢)6 2.545 445 726 84
[Cuy5(PPh,)4(PET),;]** 2.7452 473 720 72
[Cuy5("BuC=C),(CF,CO0),]['BuC=CH] 2.6331 365 710 81
[Cuy5(*BuCC),,NO;] 2.7306 500 871 82
[Cuy6(*"BuC=C),,(CF,C00),(CH,0H),] 2.6507 365 680 81
Cu,sH(PhC,H,S),(PPh,)4(NCS); 329 688 69
[Cu;sH;(SCyoH 5) 1, (PPh;),CL] 2.7322 350 420 77
[Cu,5("BuCC),,(SO,),(OMe), ] 2.6886 500 748 82
[Cus,(4-MeO-PhC=C),,(dppe);](ClO,), 2.60 480 1250 83
[Cuss(SC3H;)36(PPh;)g]1%* 2.6541 405 673 75

circularly polarized luminescence of [Cu;,(R/S-DPM)](PFq)4
(DPM: 2-diphenyl-2-hydroxylmethylpyrrolidine-1-propyne)
(R/S—Cuy,) NCs (Figure 5a2).** The reaction involves the
interaction between the chiral ligand and [Cu(MeCN),]PF, in
dichloromethane. They detected an absorption peak at 348 nm
accompanied by an extended shoulder at 430 nm, correspond-
ing to HOMO—-11 — LUMO and HOMO — LUMO+1
electronic transitions. These transitions involve orbitals
composed of copper atoms and alkynyl groups. Remarkably,
the solutions of these NCs did not emit but exhibited unique
symmetric circular dichroism signals, distinct from the ligands.
In contrast, in the crystalline state, R-Cu;, NCs displayed
robust red emission with a notable QY of 0.082 (Figure Sb).
They noted that the circularly polarized luminescence (CPL)
response in the solid state aligned with the PL emission peak
centered at 726 nm (Figure Sc). The considerably large
lifetime of R-Cu,4 (61.15 us) and its Stokes shift suggested that
the emission in the excited state had a triplet origin.
Consequently, the red emission was proposed to stem from
states that encompassed significant ligand-to-metal charge
transfer mixed with a metal-centered nd® (n+1) s state.>*¢ So,
the disparity in the emission and CPL between the solution
and crystalline states of these NCs is attributed to their rigid
structural conformation. Transitioning to the Cu chalcogenide
cluster, Eichhofer et al. conducted an extensive investigation
into the electronic structure of eight distinct Cu chalcogenide
clusters. These clusters encompass [Cu;,S4(Ph,P-
(CH,)sPPh,),] (1), [Cuy,Ses(Ph,P(CH,)sPPh,),] (2),
[Cuy,86(Ph,PCpFeCpPPh,),] (3), [CuySe(PPhyEt)s] (Et:
ethyl) (4), [Cup,Se(PEty)s] (5), [CuySin(PELPh),] (6),
[CuyS10(PPhy)s] (7), and [Cuzoslo(PtB%)s] (8)-87 They
noticed that electronic transitions in all of these nanocrystals
occur in the lower energy range. However, when the energies
exceeded 2.5 eV, the dominant electron transition was from
the orbitals within the cluster core to the ligand orbitals. This
observation suggests a keen sensitivity to the structural
arrangement of ligands. Specifically, they identified that this
phenomenon is particularly linked to the presence of phenyl
and phosphine ligand spheres. Concerning PL emission in the
solid state, NCs 1, 2, 4, and S exhibited vibrant red emissions
centered at ~615—700 nm, decaying within a few micro-
seconds, with the QY ranging from 21 to 63%. However, these
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emission intensities were temperature-dependent, reaching a
QY of 100% below 100 K. Interestingly, they observed that the
emission lifetimes of these NCs did not linearly correlate with
the emission efficiency. Thus, they concluded that despite
similar core architecture, the emission properties of these NCs
significantly depended on their ligand structures and crystal
packing. Moreover, NC 3 exhibited minimal red emission, even
at low temperatures. The primary factor contributing to the
reduction in emission intensity is the presence of ferrocenyl
groups, which distribute the charge over both the ligands and
the cluster core. While the dimeric core of NC 6 displayed PL
emission at ~680 nm, akin to the previously mentioned
monomeric nanocrystals, notable variations in the atom—atom
distances were observed. This suggests the resilience of the
electronic properties of the core against substantial geometric
distortions. Conversely, NC 7 manifested a broad emission at
~820 nm, while NC 8 showed a comparatively weak emission
at ~575 nm. These variations can be attributed to their distinct
structural architectures and changes in the core geometry. This
comprehensive study provides valuable insights into the
intricate electronic and photophysical properties of these Cu
chalcogenide clusters, enhancing our understanding of their
structural architecture.

Finally, it is worth noting that the emission properties of Cu
NCs are governed by a complex interplay of various factors,
each contributing to the determination of mechanistic
pathways for emission generation and influencing electron
transitions. Notably, certain factors continue to exert their
influence on the emission properties even postsynthesis of the
NCs. The intricacies involved in understanding which
parameters are essential for modulating the emission properties
of Cu NCs render this field challenging. However, the
comprehensive discussion presented herein serves as a logical
guide, paving the way for future research endeavors (Table 1).
Examining the current state of research, the exploration of
novel Cu NCs promises to enhance our comprehension by
yielding new insights and solutions, particularly addressing
issues such as a lower QY and emission stability. The emerging
field of defect-induced structural architecture design, missing
centered atom, and dangling bonds unveils intermediate
energy levels via energy and/or charge transfer. This
occurrence markedly influences the photophysical relaxation
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process, affecting exciton separation and recombination.
Therefore, we anticipate that defect-induced emission studies
will represent a pivotal advancement in this research domain.
Furthermore, while aggregation-induced emission properties
have surfaced in some instances, there remains ample
unexplored territory, with both newly synthesized Cu NCs
and existing ones. Although not discussed in detail here, the
recent surge in alloying Cu NCs presents a compelling avenue
with the potential to directly influence the electronic
architecture of the NCs. As research progresses, it is
anticipated that these diverse avenues will contribute to a
more nuanced understanding of Cu NC emission properties,
opening up new possibilities for technological applications and

advancements in the field.
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