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Copper nanoclusters have attracted significant interest in the field of materials science due to their high
abundance, complex structure, and unique properties. However, there is a limited amount of research on
the relationship between structure and properties. In this study, we synthesized and comprehensively
characterized two new Cug nanoclusters, [Cug(PhSe)g(PPh,O5):] (Cug-1) and [Cug(CHzOPhS)e(PPh,O5)3]
(Cug-2), in order to investigate the effect of ligands on photoluminescence. Both clusters have the same
metal skeleton and similar distribution of ligands, with the only difference being the surface ligands (PhSe
vs. CH3zOPhS). Interestingly, the photoluminescence lifetime of Cug-2 was found to be 3.2 times longer
than that of Cug-1. Furthermore, a notable Stokes shift (ST) was observed in the emission spectra of the
two clusters. Single-crystal X-ray analysis revealed the formation of hydrogen bonds between neighboring
clusters of Cug-2, which influenced intramolecular interactions. Additionally, the methoxy groups in Cug-
2, acting as conjugated electron donors, promoted intramolecular charge transfer and n—= interaction.
This study is expected to inspire further research on surface ligand engineering for controlling the pro-
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Introduction

Metal nanoclusters constitute a fascinating class of nano-
materials that exhibit unique physicochemical properties.'™
Their size range (below 3 nm) positions them between small
molecules and traditional nanoparticles. These nanoclusters
have exhibited significant potential across a range of appli-
cations, including catalysis, sensing, imaging, and biomedical
fields, among others.”® They constitute a rapidly evolving and
promising domain of research.*® Ligand-stabilized metal
nanoclusters are composed of a core of metal atoms encased
in ligand molecules, resulting in a core-shell structure that sig-
nificantly influences the properties of the clusters.'®™** The
metallic core plays a significant role in determining the optical
and various physical characteristics of the clusters, whereas
the organic ligands are instrumental in influencing solubility
and functionality.**>° By meticulously selecting and engineer-
ing organic ligands, one can effectively manipulate the struc-
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perties of copper nanoclusters beyond photoluminescence.

tural characteristics of the clusters. This enables a precise
modulation of their properties, thereby enhancing their per-
formance across a variety of applications.*’

Copper (Cu) clusters exhibit numerous notable benefits as
a novel category of cluster materials, applicable across a range
of fields.**® The presence of multiple oxidation states of
copper is fundamental to the formation of diverse copper
nuclei, which in turn leads to a variety of structural configur-
ations and properties.”* > Moreover, the cuprophilic inter-
actions present within copper nanoclusters, as well as the
interactions between copper atoms and ligands, play a crucial
role in establishing the molecular packing arrangement. This
arrangement subsequently affects the luminescent and charge
transport characteristics of the materials.**®® Furthermore,
the capacity to adjust surface ligands offers extensive opportu-
nities for the design and engineering of copper nanoclusters
with  customized characteristics suitable for diverse
applications.®”*® In this context, there exists a significant
interest in acquiring model copper clusters to facilitate the
establishment of correlations between their structural charac-
teristics and associated properties.

Herein, two analogous clusters, [Cug(PhSe)s(PPh,0,);] (Cue-
1) and [Cug(CH3;OPhS)s(PPh,0,);] (Cus-2), were developed and
employed as a model system to examine the influence of
ligands on the photoluminescence properties of copper clus-
ters. Both clusters exhibit an identical metallic core; however,
they are distinguished by the ligands utilized, with Cue-1 incor-
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porating PhSe™ and Cug-2 incorporating MeOPhS™. Notably,
the photoluminescence lifetime of Cug-2 was measured at
247.7 ps, 3.2 times longer than that of Cue-1. This obser-
vation underscores the substantial impact that ligands have
on the phosphorescent properties of copper clusters.
Additional characterization indicated that Cuy-2 demon-
strates intermolecular hydrogen bonding and enhanced n-n
interactions, which culminate in a compact and stable struc-
tural configuration. These characteristics are instrumental in
producing the unique photoluminescence properties
observed in Cue-2 in contrast to Cue-1. This research high-
lights the significant influence of peripheral ligands on the
regulation of intramolecular interactions and intercluster
aggregation, which in turn impacts the phosphorescent
characteristics.

Results and discussion

Synthesis of [Cug(PhSe)s(PPh,0,);] (Cus-1) and
[Cus(CH;0PhS)s(PPh,0,);] (Cuy-2)

Both Cuy-1 and Cu,-2 were synthesized utilizing a one-pot syn-
thesis approach. In the experimental protocol, Cu(Ph,POO),,
PPh,BPh,, NaBH, and PhSeH for Cug-1 or MeOPhSH for Cug-2
were dissolved in a solvent mixture comprising methanol and
dichloromethane. The resultant mixture was agitated for a dur-
ation of three hours at ambient temperature, leading to the
development of an orange-coloured solution. Subsequently,
this solution underwent centrifugation and diffusion with
ether, culminating in the production of orange bulk crystals as
the final products (Fig. S1 and S27).

Structure analysis and characterization

Initially, the structural characteristics of the two crystals were
validated through single-crystal X-ray diffraction (SCXRD) ana-
lysis (Fig. S3 and S47). The findings indicated that crystal Cu,-
1 is crystallized in the R3c space group of the trigonal system,
whereas crystal Cuo-2 is classified within the monoclinic
system, specifically exhibiting the 12/a space group (Fig. S5 and
S6, see Tables S1 and S2f for detailed crystallographic and
refinement data). In the crystal structure of Cuy-1, the asym-
metric unit comprises two PhSe ligands, one PPh,0, ligand,
and three copper (Cu) atoms. As illustrated in Fig. 1, the nano-
cluster unit is composed of six PhSe ligands, three PPh,0,
ligands, and a metal core consisting of nine copper atoms,
leading to the molecular formula of [Cuy(PhSe)s(PPh,0,);]
(Cug-1). The absence of counterions within the structure
suggests that the cluster is electrically neutral. Cug-2 is syn-
thesized in a manner analogous to Cue-1, but with the substi-
tution of MeOPhS™ for PhSe™.

The Cuy metal core within Cue-1 is situated at the center of
a Cu; equilateral triangle (designated as Cuj.centre, indicated in
blue in Fig. 2a). The Cu-Cu bond length measures 2.869(2) A,
which is significantly greater than the bond length typically
found in metallic copper, which is 2.56 A. This indicates that
the interactions within the Cuj triangular core are compara-
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Fig. 1 Total structures of Cug-1 (a) and Cug-2 (b). Colour legend: blue,
Cu (centre); yellow, Cu (side); brick red, Se; orange, S; purple, O; light-
blue, P; grey, C. All hydrogen atoms are omitted for clarity.

tively weak. The three edges of the Cuj.centre COTE rise to create
three supplementary triangles, each associated with one of the
three Cu atoms positioned above. In this configuration, each
edge of the Cujz.centwe core functions as the base for the
extended triangles, with the three additional Cu atoms situ-
ated at the vertices. The described structure exhibits a crown-
like configuration, wherein the Cujcente Serves as the base,
while the three Cu atoms positioned above it function as the
decorative jewels atop the crown (refer to Fig. 2b). The connec-
tion of the three peripheral Cu atoms results in the formation
of a larger equilateral triangle (Cusgige, marked in yellow),
which is nearly parallel to the Cuz.cenere but oriented in the
opposite direction. The elongated Cu-Cu bond length of
4.208 A on the Cus.qqe necessitates the interconnection of the
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Flg 2 Core structure of CLI9-1. (a) Cu3-centre- (b) Cu3-centre@cu3—side- (C) Cu3—centre@cu3—side@se3- (d) se3@Cu3—side@cu3—centre@se3 viewed from the
front. (e) Ses@CuU3_sige@CUs3-centre@Ses vViewed from the top. Colour legend: blue, Cu (centre); yellow, Cu (side); brick red, Se.

Cusige that are connected by three Se atoms from PhSe,
thereby establishing a “6-crown-3” configuration (Fig. 2d).

The triangular configuration created by the interconnection
of the three Se atoms (Se;, with a Se-Se bond length of 3.697 A,
represented in purple in Fig. 2¢) is oriented in the same direc-
tion as the Cuj.centre- Furthermore, the plane of this triangle is
positioned marginally above that of the Cuj; giqe. In addition, by
extending the Cuz.cenwre in @ downward direction, it is possible
to achieve an additional perfectly symmetrical “6-crown-3” con-
figuration. Notably, the upper and lower “6-crown-3” configur-
ations exhibit a near-exact overlap almost exactly along the
c-axis. Consequently, the Cuy core of Cug-1 is comprised of a
CUs-centre triangle formed by three copper (Cu) atoms, flanked
by two additional Cuj_gqe triangles at the upper and lower posi-
tions. Additionally, two selenium (Se) triangles are positioned to
cap the Cuy core on both the upper and lower sides. The
arrangement of these components from various perspectives is
illustrated in Fig. 2d and e, respectively. The three PPh,0, mole-
cules provide additional stabilization to the Cuy core by linking
the respective vertices of the two Cuzgiqe triangles. The bond
lengths between the Cucente and Cugige range from 2.667 to
2.717 A (average: 2.684 A), which are shorter than those
observed in the Cu; triangle core, but comparable to the Cu-Cu
distances found in the complex [Cu;3{S,CN"Bu,}s{C=CC(O)
OMe},]" (2.522(4) to 2.786(3) A). This suggests that the inter-
actions among copper atoms are strengthened as one moves
from the central region to the peripheral areas. The mean bond
length among all Cu atoms is 2.722 A. The Cu-Se bond dis-
tances range from 2.326 A to 2.428 A, with an average value of
2.370 A, which are common in other reported Cu clusters,
such as [Cuyz(PhSe);(PhsP)g(H)s]-BF, (dcu-se range: 2.335 to
2.593 A).*° The average Cu-O bond distance is 1.932 A.

Cuy-2 demonstrates a structural resemblance to Cug-1,
differing primarily in the substitution of PhSe™ with MeOPhS™
(Fig. S7t). The Cus centre in Cug-2 is configured in an isosceles
triangular formation, characterized by a waist length of 2.864 A
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and a base length of 2.939 A. The average bond length between
the CUscene and the Cugge atoms is 2.656 A. The bond
lengths between the Cu atoms range from 2.584 A to 2.939 A,
with an average of 2.702 A. In contrast, the Cu-S bond lengths
range from 2.201 A to 2.297 A, with an average of 2.251 A.
Additionally, the average Cu-O bond distance is 1.947 A. It is
thus apparent that the average Cu-Cu bond lengths in Cug-2
are shorter than those in Cuy-1, and similarly, the average Cu-
S bond lengths in Cu,-2 are also reduced compared to those in
Cuy-1. As a result, Cuy-2 exhibits a more compact structural
configuration.

Furthermore, Cug-1 and Cugy-2 exhibit restricted solubility in
a range of organic solvents, such as methanol, ethanol, dichloro-
methane, trichloromethane, acetonitrile, acetone, and tetra-
hydrofuran. This presents difficulties in precisely assessing their
mass spectrometric characteristics. To mitigate this issue, we
performed powder X-ray diffraction (PXRD) analysis to confirm
the purity of the compounds. Fig. S8t presents the experimental
powder X-ray diffraction (PXRD) patterns for Cug-1 and Cuy-2,
which exhibit a strong correlation with the simulated patterns.
Additionally, the X-ray photoelectron spectroscopy (XPS) analysis
at the Cu 2p core level identifies two prominent signals at 934.6
and 954.2 eV, corresponding to the Cu 2p;, and Cu 2p;,,
respectively. These signals suggest the existence of Cu atoms
with a +1 oxidation state within the Cus clusters (see Fig. S97).

Photoluminescence (PL) properties

The photoluminescence (PL) characteristics of the clusters
Cuy-1 and Cu,-2 were subsequently investigated. At a tempera-
ture of 298 K, the excitation spectra for both Cuy-1 and Cug-2
exhibited similarities when subjected to excitation by
light at approximately 466 nm. Cus-1 demonstrated photo-
luminescence (PL) at approximately 648 nm, accompanied by a
shoulder feature near 684 nm, and exhibited an absolute
photoluminescence quantum yield (PLQY) of approximately
0.36% in air. Cue-2 also exhibited PL at approximately 648 nm,

This journal is © The Royal Society of Chemistry 2024
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accompanied by a shoulder feature near 680 nm (Fig. S107).
The absolute PLQY of Cus-2 in air was approximately 0.63%.
Both Cug-1 and Cue-2 demonstrated dual emission character-
istics, accompanied by a notable Stokes shift (ST).*>*' The PL
lifetimes (7) of Cug-1 and Cuy-2 at a temperature of 298 K were
recorded at 16.4 ps and 18.6 ps, respectively, suggesting the
presence of phosphorescent emission (Fig. S117).*?
Subsequently, the photoluminescence characteristics of the
Cuy-1 and Cu,-2 clusters were evaluated at a temperature of
77 K. At this temperature, Cue-1 exhibited emission at a wave-
length of 660 nm, accompanied by a shoulder at 675 nm,
whereas Cuy-2 demonstrated emission at a wavelength of
718 nm. The findings indicate that Cuy-2 exhibits a larger
Stokes shift, attributed to the zn-n interactions and intra-
molecular charge transfer (refer to Fig. 3a and b). The tempera-
ture-dependent luminescence characteristics of the solid-state
samples were assessed over a range from 303 K to 83 K, reveal-
ing distinct luminescent behaviors for both clusters at lower
temperatures. Notably, as the temperature was reduced from
303 K to 83 K, there was a significant increase in both the
intensity and lifetime of the phosphorescence. Specifically,
Cuy-1 demonstrated a redshift of 11 nm, with an enhancement
factor of 5.4 (Fig. S127). In contrast, Cus-2 exhibited a more
substantial redshift of 27 nm, accompanied by an enhance-
ment factor of 10.6 (illustrated in Fig. 3c). The larger red shifts
transitioning from 303 K to 83 K suggest a greater energy gap
between the singlet (S1) and triplet (T1) states in Cuy-2.
Previous research has established that the singlet and triplet
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Fig. 3 (a) Excitation (blue, 1em = 466 Nm), emission (yellow) and solid-
state UV-Vis absorption (purple) spectra of Cug-1 at 77 K. (b) Excitation
(green, lem = 467 nm), emission (red) and solid-state UV-Vis absorption
(purple) spectra of Cug-2 at 77 K. (c) Temperature dependence of the
emission spectra in the range of 83-303 K of Cug-2. Insert: maximum
photoluminescence intensity at each temperature. (d) Plots of emission
decay lifetime of Cuo-1 and of Cug-2 at 77 K.
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energy gap (AEsr) significantly influence the light lifetime,
efficiency, and color characteristics of luminescent
materials.*>** Materials with a larger AEgy are likely to display
enhanced luminous color contrast and a larger Stokes shift,
which is beneficial for achieving emissions at longer wave-
lengths. This study substantiates that the emission wavelength
of Cuy-2 surpasses that of Cug-1.

Upon a reduction in temperature to 77 K, the PL lifetime () of
Cus-1 and Cug-2 was prolonged by 78.1 ps and 247.7 ps, respect-
ively. Furthermore, Cug-2 exhibited an exceptionally extended life-
time (see Fig. 3d). This phenomenon can be explained by the
progressive enhancement of hydrogen bonds and n-r inter-
actions in Cue-2 as the temperature decreases. As a result, the
decay rate of phosphorescent radiation, denoted as k;, exhibited
a reduction, which in turn enhanced luminous efficiency and
extended the duration of luminous life. Additionally, there was a
decrease in the mobility of the cluster, which served to impede
the non-radiative transitions of the triplet excitons.

To gain insight into the different photoluminescent charac-
teristics of the two clusters, we conducted a thorough structural
analysis. As shown in Fig. S13,} both Cuy-1 and Cue-2 display
three pairs of nearly parallel benzene rings, which can be attrib-
uted to n-7m interactions. The densely packed configuration
of molecules, characterized by a significant presence of
n-conjugated chromophores and short-range n-r interactions,
serves to effectively suppress non-radiative transitions, conse-
quently extending the lifetime of the phosphor. The inter-ring
distances between the benzene rings in Cug-2 are 3.579 A,
3.741 A, and 3.744 A, respectively, which are notably smaller
than the uniform distance of 3.896 A (see Fig. S13f). This
reduction in distance suggests a stronger n—r interaction within
Cuy-2. The enhanced n—r interactions present in Cug-2 contrib-
ute to a further decrease in the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied mole-
cular orbital (LUMO). In such a system, m-electrons are not
merely localized between two carbon atoms; rather, they can be
distributed across multiple atoms. This electron delocalization
results in an expansion of the electron cloud, which in turn
lowers the overall energy of the system. More specifically, orbital
overlap between conjugated (pi) components facilitates the for-
mation of new molecular orbitals (MOs). These newly formed
MOs are capable of more effectively dispersing the electron
density and are energetically closer together, thereby diminish-
ing the HOMO-LUMO energy gap. This reduction in the energy
gap has implications not only for the electron transfer charac-
teristics of the molecule but also for its optical properties,
leading to red shifts in optical emission spectra.

Furthermore, Cuo-2 is characterized by the presence of a
methoxy group (MeOPh) attached to each of its six benzene
rings. The lone pair of electrons in methoxy engages in conju-
gation with the z-electron system of the aromatic ring. These
methoxy groups function as conjugated electron donors, facili-
tating the charge transfer (CT) process from the outside to the
inside and enhancing the electron delocalization within the
system. This leads to a decrease in the energy gap between the
ground state and the excited state, causing the emitted light to

Dalton Trans., 2024, 53,15190-15197 | 15193
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Fig. 4 The packing structures of Cug-1 (@) and Cug-2 (b). Colour
legend: blue, Cu (centre); yellow, Cu (side); brick red, Se; orange, S;
purple, O; light-blue, P; grey, C; pink, H. Hydrogen bonding between Cu
and H: green.

have lower energy and a longer wavelength, which may cause
the large Stokes shift.**

More surprisingly, the stacking configuration of the cluster
Cuy-2, as depicted in Fig. 4b, demonstrates a distinctive
arrangement characterized by a reverse and alternating stack-
ing pattern. This exceptional structural organization arises
from the interaction of two copper atoms on two Cujgjges Of
each cluster, which are linked to adjacent clusters via hydro-
gen bonding interactions. It facilitates the formation of a
network in which multiple clusters are interconnected in an
alternating manner, resulting in a dense and stable configur-
ation. The hydrogen bonding interactions present among the
clusters in Cug-2 not only bolster the stability of the stacking
arrangement, but also augment the overall cohesion and inter-
cluster interactions, thereby enhancing the electronic and
optical properties of the cluster Cuy-2 assembly. In contrast,
Cu,-1 does not exhibit a comparable hydrogen bonding struc-
ture (see Fig. 4a).

In Cu,-2, the methoxy groups function as conjugated elec-
tron donors, facilitating intramolecular charge transfer and
enhancing electron delocalization, establishing hydrogen
bonding between neighboring clusters. This interaction results
in a notable increase in the phosphorescence lifetime at low
temperatures, an enhancement in luminous efficiency, and
the attainment of longer wavelength emission relative to Cug-
1. In other words, the presence of MeOPhS™ is essential for the
emission of phosphorescence, significantly prolonging the
phosphorescence lifetime at low temperatures, enhancing
luminous efficiency, and facilitating emission at longer wave-
lengths. This insight into the conformational relationships of
the clusters enhances our understanding and application of
ligand-functionalized clusters, thereby aiding in the future
rational design of such clusters.

Conclusions

In conclusion, we synthesized two Cuy nanoclusters with an
identical metal core and tailorable ligands. Cue-1 was stabil-

15194 | Dalton Trans., 2024, 53, 15190-15197

View Article Online

Dalton Transactions

ized by PhSe™ ligands, while Cuy-2 by MeOPhS™. By introdu-
cing different ligands, the formation of hydrogen bonds
between neighboring clusters of Cug-2 has been shown to
influence intramolecular interactions and intermetallic aggre-
gation within the cluster assembly. Moreover, the methoxy
groups in Cuy-2, as conjugated electron donors, promote intra-
molecular charge transfer and n-n interaction. This contrib-
utes to greatly extending the low-temperature phosphorescence
life, improving the luminous efficiency, and achieving longer
wavelength emission of the cluster compared to Cue-1. This
structural modification opens up new possibilities for design-
ing and engineering copper clusters with improved optical pro-
perties for various applications in luminescent materials.

Experimental

Materials

Diphenylphosphinic acid (Ph,POOH, 98%), sodium boro-

hydride  (NaBH,, 98%) and  4-methoxythiophenol
(MeOC¢H5SH, 97%) were purchased from Bidepharm
(Shanghai, China). Tetraphenylphosphonium tetraphenyl-

borate (PPh,BPh,, 98%) was purchased from TCI (Tianjin).
Benzeneselenol (C¢HsSeH, 90%) was purchased from HEWNS
(Tianjin). Cu(NO3),-3H,O (AR) was purchased from Tianjin
Fengchuan Chemical Reagent Co., Ltd (Tianjin, China).
Acetonitrile (CH3;CN, A.R.), hexane (C¢Hy4, A.R.), dichloro-
methane (CH,Cl,, A.R.), methanol (CH;OH, A.R.) and ether
(C4H100, A.R.) were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). Water used in all experi-
ments was ultrapure. All other reagents were used as received
without further purification.

Synthesis

General synthetic process of Cu(Ph,POO),. To a methanolic
solution of Cu(NOj3),-3H,0 (1.0 mmol in 10 ml methanol), a
solution of Ph,POOH (1.0 mmol in 10 ml acetonitrile) was
added under stirring. The stirring was continued for 2 days.
Single crystals of Cu(Ph,POO), were obtained by slow evapor-
ation of the solvents. Single crystals were filtered, washed with
hexane and dried.

General synthetic process of Cuy-1 and Cug-2. 50 mg
(0.1 mmol) Cu(Ph,POO),, 20 mg (0.03 mmol) PPh,BPh,,
3.8 mg (0.025 mmol, for Cuy-1) CcH;sSeH or 6.8 mg MeOPhSH
(0.05 mmol, for Cue-2) and 40 mg NaBH, were dissolved in a
mixed solvent of 1 mL methanol and 3 mL dichloromethane.
The mixture was stirred at room temperature over a period of
3 h, resulting in an orange solution. Orange block crystals
were obtained by vapor diffusion of ether into the solution.
6.9% yield for Cuy-1 and 14.2% yield for Cue-2 (based on Cu).

Characterizations

PXRD. The powder X-ray diffraction (PXRD) spectra were
recorded by a Bruker AFS D8 ADVANCE. The X-ray photo-
electron spectroscopic (XPS) data were collected on ESCALABXI
+ System (Thermo Fisher Scientific, U.K). The C 1s peak of
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adventitious carbon was used for position correction (284.5
eV) in all cases. Luminescence, lifetime and quantum yields
were measured by Edinburgh FLS-1000 spectrometer.
Crystallography. The diffraction data of the single crystals of
Cuy-1 and Cuy-2 was collected on an Agilent Technologies
SuperNova system X-ray single-crystal diffractometer using Cu
Ko (4 = 1.54184 A) at 100 K. The data were processed using
CrysAlis™™. The structure was solved and refined using full-
matrix least-squares based on F* using ShelXT,*” ShelXL*® in
Olex2.*® The thermal ellipsoids of the ORTEP diagram were
done at 50% probability. Detailed crystal data and structure
refinements for the compound are given in Tables S1 and S2.t
The CCDC number 2358288 (Cuo-1) and 2358101 (Cug-2)t
contain the supplementary crystallographic data for this study.
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