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Self-emissive atomically precise metal nanoclusters (NCs) are emerging

as promising emissive layer material for next-generation light-emitting
diodes (LEDs), thanks to their solid-state luminescence, well-defined
structures, photo/thermal stability, low toxicity, and unique excited-state
properties. However, achieving high external quantum efficiency (EQE) in
solid-state NCs remains a formidable challenge. In this study, a highly stable
bimetallic gold-copper NC forming [Au,Cu,(Sadm),(DPPEO),] stabilized with
1-adamantanethiol (HSadm) and 1,2-bis(diphenylphosphino)ethane (DPPE)
as the primary and secondary ligands, respectively is reported. Single-crystal
X-ray diffraction and spectroscopic analyses suggest that the as-synthesized
NC contains one phosphine bound to gold and the second phosphine has
oxidized to phosphine oxide (P=0). The presence of such P=O moieties in the
NC facilitated C—H---O interactions along with C—H---r and H---H interactions
between ligands, promoting rapid crystallization. Due to the exceptional
photo/thermal stability and enhanced solid-state photoluminescence
quantum yield (PLQY), [Au,Cu¢(Sadm).(DPPEO),] NC is utilized to

fabricate the NC-based LED (NC-LED) via the solution-processed technique,
without using any additional host materials. The fabricated NC-LED

shows a maximum brightness of 1246 cd m~2 and an EQE of 12.60% with

a pure red emission ~668 nm. This EQE value coupled with saturated pure
red emission is the best among solution-processed and non-doped NC-LEDs,
suggesting the enormous potential of the NCs for electro-optical devices.

1. Introduction

Self-emissive light-emitting diodes (LEDs)
have received significant attention in re-
cent years due to their reduced energy
consumption, environmental compatibility,
and cost-effectiveness compared to conven-
tional cathode-ray tube (CRT) and liquid
crystal display (LCD) technologies.['?] In
the past few decades, organic (OLED), poly-
mer (PLED), quantum dot (QLED), and
emerging perovskite-based LEDs (PeLED)
have been successfully developed using
emissive organic molecules, polymers, inor-
ganic nanocrystals, and organic/inorganic
hybrid materials, respectively.>! Though
all these emissive materials offer unique
advantages, they face challenges such as
laborious, high-temperature, and multiple
synthesis steps, minimal structural selec-
tion, resource sustainability, toxicity, the re-
quirement of passivating agents, and insta-
bility under light, heat, and moisture.[>1]
In this context, atomically precise nan-
oclusters (NCs) have emerged as promis-
ing materials for simple and low-cost
solution processing devices. This is at-
tributed to their easy synthetic routes,
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low toxicity, well-defined crystal structure, unique excited state
characteristics, photo/thermal stability, environmental compati-
bility, and solid-state photoluminescence (PL).'223] Although the
external quantum efficiency (EQE) of NC-based LED (NC-LED)
was initially below 0.1%,1?*] a significant improvement has been
made by combining them with various host materials.[1#2>-31]
However, the low PL quantum yield (PLQY), poor device com-
patibility due to the bulky ligands, and the need to incorporate
additional host materials to achieve adequate conductivity con-
tinue limiting their applications in NC-LEDs.[*2*3] Recent de-
velopments in metal core engineering, ligand engineering, self-
assembly techniques, and advanced synthetic procedures signifi-
cantly helped to overcome such issues.*** The solid-state emit-
ting NCs with improved PL properties have been recently devel-
oped using a combination of rigid ligands and multiple metal
precursors.[**#’] Metal core/ligand engineering has reduced the
PLQY gap between NCs and traditional luminescent materials
by precisely controlling the core size, composition, and crystal
structure.[**-7] However, developing an ideal blend of solid-state
emitting NCs holding improved EQE is still in its infancy. To ad-
dress this challenge, herein, we have designed and synthesized,
highly stable and solid-state emitting gold-copper bimetallic NCs
([Au, Cug(Sadm),(DPPEO),]) using 1-adamantanethiol (HSadm)
and 1,2-bis(diphenylphosphino)ethane (DPPE) as the primary
and secondary ligands, respectively. [Au,Cu,(Sadm),(DPPEO),]
NCs were readily crystallized compared to previously re-
ported analog ([Au,Cug(Sadm).(TPP),]; TPP: triphenylphos-
phine) NC.’®°l The electrospray ionization mass spectrom-
etry (ESI-MS) and single crystal X-ray diffraction (SC-XRD)
data suggest that only one phosphine is bound to the gold.
The second phosphine ligand is oxidized to phosphine oxide
([Au,Cu,(Sadm),(DPPEO),]), as confirmed by various spectro-
scopic analyses. Such electron-withdrawing P=0O moieties are
known to offer enhanced electron transport apart from their abil-
ity to form uniform thin films and resist chemical and oxida-
tive stress.[%0-62] Moreover, due to the exceptional thermal and
photostability of solid-state emitting [Au,Cu,(Sadm),(DPPEO),]
NCs, we fabricated LEDs using this NC as an emitter. The
solution-processed and non-doped NC-LEDs showed a maxi-
mum luminance of 1246 c¢d m™? and EQE of 12.60%. The
electroluminescence (EL) maximum of the device was ~668
nm with a turn-on voltage of 3V. The International Com-
mission on Illumination (CIE) chromaticity coordinates (0.70,
0.30) at the edge of the chromaticity diagram represent an ex-
tremely saturated pure red emission. These NCs with enhanced
PL, better thermal/photostability, and high device performance
are expected to offer new directions in designing and fabri-
cating efficient and non-toxic NC-LEDs for future sustainable
technology.

2. Results and Discussion

Figure 1a shows the chemical structure of ligands (HSadm
and DPPE) and the photographs of the reaction mixture dur-
ing various steps of NC synthesis. The synthesis of bimetal-
lic gold-copper [Au,Cuy(Sadm),(DPPEO),] NC was performed
using a modified one-pot chemical reduction method reported
previously for the synthesis of [Au,Cu,(Sadm)¢(TPP),] NCs
(see Experimental Section for the details).’®! The introduc-

Adv. Mater. 2025, 37, 2507893

2507893 (2 of 11)

www.advmat.de

tion of DPPE ligands instead of TPP helped to reduce the
amount of gold precursor and improved the yield and syn-
thetic purity of NC. Similar to [Au,Cu,(Sadm),(TPP),] NC,
the as-synthesized [Au,Cu4(Sadm),(DPPEO),] NCs in a solu-
tion and powder show purple under visible light and exhibit
strong red emission under UV light (Figure 1b). The absorp-
tion spectra of [Au,Cu,(Sadm),(DPPEO),] (Figure 1d; d, (i)) and
[Au, Cu,(Sadm),(TPP),] (Figure 1d; d,(i)) NCs in toluene and
dichloromethane (DCM), respectively, exhibit multiple absorp-
tion peaks at 325, 425, 515, and 592 nm (Figure 1d), with
no observable shift in these regions.®¥] The PL spectrum of
[Au,Cu,(Sadm),(DPPEO),] NCs (Figure 1d,; iii) displays two dis-
tinct emission maxima ~675 and 798 nm when excited at 515
nm. In contrast, the PL spectrum of [Au, Cu,(Sadm), (TPP),] NCs
(Figure 1d,; iii) shows emission maxima ~675 and 806 nm at the
same excitation wavelength. Notably, the excitation spectra cor-
responding to emission ~675 nm (ii) of both NCs (d; and d,)
closely resemble their respective absorption spectra (i), suggest-
ing that the optical transitions are directly linked to the same elec-
tronic states, confirming a well-defined absorption-emission re-
lationship in both systems. Similarly, the excitation spectra cor-
responding to the emissions ~798 and 806 nm in the respec-
tive NCs also match with their absorbance spectra (Figure S1,
Supporting Information). The ESI-MS spectra showed molecu-
lar ion peaks ~m/z 2607.78 (e;) and m/z 2303.52 (e,) correspond
to the parent molecular ions of [Au,Cu,(Sadm),(DPPEO),] and
[Au,Cu,(Sadm),(TPP),] NCs (Figure 1e), in which both the ex-
perimental and simulated m/z values are in good agreement (in-
setin Figure le). The oxidation of one unbound phosphine group
from each DPPE ligand, leading to the formation of a P=0 bond,
is evident from the observed m/z value. This result indicates
that, during the synthesis of the NCs, only one phosphine group
from each DPPE molecule directly coordinates with the Au cen-
ter, while the second phosphine undergoes oxidation to form a
phosphine oxide (P=0).

To further confirm the presence of bound ligands in the pu-
rified [Au,Cuq(Sadm)(DPPEO),] NC, 'H, and *'P nuclear mag-
netic resonance (NMR) spectra were measured in CDCI, (Figures
S2 and S3, Supporting Information). The 'H chemical shifts at
6 = 7.85-7.79, 7.69-7.63, 7.46-7.40, 7.38-7.32, 7.30-7.27, 2.95,
and 2.69 ppm represent combined aromatic (-Ph) and aliphatic
(-CH,-CH,-) chains of DPPEO ligand, and the peaks at 1.95-1.87
and 1.62-1.44 ppm represent adamantane moieties. The splitting
and downfield shift of the broad aromatic peak ~6 = 7.28 ppm,
and the aliphatic triplet ~2.06 ppm, in the 'H NMR spectrum of
the DPPE ligand confirm the conversion of unbound phosphine
to the P=0 bond. At the same time, the presence of two types of
phosphines (bound and P=0) was observed in the ' P NMR spec-
trum of NCs (Figure S3, Supporting Information). DPPE showed
only a single peak at —12.5 ppm, while an apparent splitting and
downfield shift (33.7 and 60.4 ppm) were observed in the case
of NCs owing to the presence of anchored phosphine on the NC
surface and free-standing phosphine bound to an electronega-
tive oxygen atom. NCs were further characterized using trans-
mission electron microscopy (TEM) imaging. Although the TEM
images (Figure 1c) showed a nearly uniform size distribution, it
is important to note that due to electron beam-induced fusion of
[Au, Cu,(Sadm),(DPPEO),] NCs, a few bigger particles were also
observed during imaging. The X-ray photoelectron spectroscopy
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Figure 1. a) The photographs of reaction mixture showing different stages of [Au, Cug (Sadm)g (DPPEO),] NC synthesis and the chemical structure of
DPPE and HSadm ligands. b) Photographs of [Au,Cug (Sadm)¢ (DPPEO),] NC solution (b; and b,), and powder (b; and b,) captured under visible (b,
and bs) and UV (b, and b,) lights. c) TEM micrograph of NCs with size distribution in the inset. d) UV/Vis absorption (i), excitation (ii), and PL (iii) spectra
of [Au,Cug (Sadm)g (DPPEO),] NCs in toluene (d;) and [Au,Cug(Sadm)g(TPP),] NCs in DCM (d,). e) The ESI-MS of (e;) [Au,Cug(Sadm)¢(DPPEO),]
and (e;) [Au,Cug (Sadm)g (TPP),] NCs. The inset shows the isotopic distribution of the experimental and simulated spectra. f) XPS spectral regions of

[Au,Cug(Sadm)g (DPPEO),] NCs, showing gold, copper, sulfur, phosphorus,

(XPS) analysis revealed binding energy (BE) values of Au 4f and
Cu 2p levels closely match with the previous report,[*® which
showed the presence of zero valence state gold (84.2 and 87.9 eV
for Au 4f;, and Au 4f; ,, respectively) and +1 valence state cop-
per (952.5 and 932.7 eV for Cu 2p;,, and Cu 2p, ,, respectively)
(Figure 1f). The S 2p binding energy values (161.7 and 162.8 eV
for S 2p;,, and S 2p, ,, respectively) were consistent with thiolate
binding, providing insights into the role of sulfur in the structure
of NC. Further analysis unveiled P 2p; , and 2p,, peaks at 131.5
and 132.4 eV, respectively, along with an O 1s peak at 531.5 eV,
confirming the presence of oxidized and bound DPPE within the
NC. Though the two P atoms in each DPPE are different, it was
difficult to differentiate them in XPS as the binding energies of
Au-bound phosphine and P=0 bonds are nearly identical.
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and oxygen fingerprints.

Crystallization offers high-purity and quality single crystals for
SC-XRD analysis to gain insight into molecular structure, pack-
ing, and inter-NC interactions. The solvent evaporation from the
supersaturated toluene solution of [Au,Cug(Sadm),(DPPEO),]
NC resulted in rod-like single crystals, which displayed red emis-
sion upon UV illumination (Figure 2a—c). The SC-XRD stud-
ies showed that the NCs crystallized in a triclinic crystal sys-
tem with a P-1 space group (cif file is provided). The core
structure was found to be similar to that of earlier reported
[Au,Cu,4(Sadm)4(TPP),] NC (Figure 2d-f).® Figure 2d shows
that the NC’s central kernel consists of a benzenoid-like hexago-
nal planar copper (Cu,) framework with an average intermetal-
lic Cu—Cu distance of 2.67 A. Two isolated gold atoms were
capped on the top and bottom of the Cu,, giving rise to a
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Figure 2. a) Large area optical microscopic image shows rod-like [Au,Cug (Sadm)g(DPPEO),] crystals. The optical image under white light and fluores-
cence image under 435 nm excitation of a single-crystal are shown in Figures b and ¢, respectively. d) Crystal structure of [Au,Cug(Sadm)g (DPPEO),] NC
(hydrogen atoms omitted for clarity). e,f) The core of [Au,Cug (Sadm)q (DPPEO),] NC, viewed from two perpendicular projections. g) Unit cell molecular
packing of NCs. h) The extended supramolecular packing shows a slanted layer-like lamellar arrangement of [Au, Cug (Sadm)¢ (DPPEO),] NCs.

hexagonal-bipyramidal geometry resembling the unidentified
flying object (UFO)-like shape. The Cu-Au distance ranges from
2.8 t0 3.0 A, and the distance between two Au atoms is 2.572
A. Six adamantane-thiolate is bonded with the hexagonal Cu,,
where each -Sadm is tied with the Cu—Cu edge of the hexagon
through ‘V-shaped’” Cu—S—Cu motifs (Figure 2e). The average
Cu-S distance is 2.1 A and the Cu—S—Cu angle ranges from
73.87° to 76.03°. The overall arrangement of the six S atoms
can be visualized as a chair-shaped S unit, where alternative
S atoms are placed up and down the hexagonal Cu, unit. 3D
adamantane units are placed in the central body of the NC in
a planar fashion, and they sterically protect the NCs. Further-
more, two secondary DPPEO ligands were independently an-
chored on each gold atom (Figure 2d), where one phosphine was
connected with the Au atom having an Au—P bond distance of
2.34 A, and another phosphine underwent oxidation to form a
robust P=0O bond. This P=0 bond is recognized as an effec-
tive hydrogen bond acceptor and often forms strong hydrogen
bonds, typically with polar donor groups such as hydroxyls or
amines.[®?) However, the absence of such strong hydrogen bond-
ing donors in [Au,Cu,(Sadm),(DPPEO),] NCs resulted in the
C—H---O interactions between phosphine oxide and adamantane
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hydrogens. This facilitated the formation of NC dimers, which
further extended into a zig-zag tape arrangement (Figure S4,
Supporting Information). In addition to this, C—H---z and H---H
interactions between the ligands also contributed to molecular
packing, stabilizing crystal growth. The extended supramolec-
ular packing reveals a slanted layer-like lamellar arrangement
of NCs (Figure 2g,h). In comparison to the previously reported
[Au,Cug(Sadm)(TPP),] NC,I®] the presence of phosphine oxide
in [Au,Cu,(Sadm),(DPPEO),] NCs induces a distinct orientation
in alternating layers, driven by C—H---O interactions. The dis-
tance between two adjacent layers is 16.32 and 9.18 A along a
and b crystallographic directions, respectively.

To understand the emission mechanism of NC, we
evaluated the optical absorption and PL behavior of
[Au,Cu,(Sadm)(DPPEO),] NC solution (toluene) under ni-
trogen and oxygen atmospheres. The PL intensity of the NC
solution (both 675 nm and 798 nm emission bands) under nitro-
gen atmosphere increased (Figure 3a (i) as compared to ambient
conditions (Figure 3a (ii)). Nevertheless, the bubbling of oxygen
gas caused a drop in the PL intensity (Figure 3a (iii)), indicating
the involvement of the triplet state in [Au, Cuy(Sadm),(DPPEO),]
NC emission. At the same time, the UV/Vis absorption spectra of
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Figure 3. a) PL spectra of NC solution (x50 um) recorded under (i) argon, (ii) ambient, and (iii) oxygen atmospheres. The photographs of corresponding
solutions are shown in the inset. b) Normalized solid-state absorption (i); converted from DRS using Kubelka-Munk function), excitation (ii) and PL
spectra (iii) of [Au,Cug(Sadm)g (DPPEO),] NC (under 325 nm excitation). c) Tauc plot of [Au,Cug (Sadm)¢ (DPPEO),] NC. d) Plots of I/l vs illumination
time for (i) NC solution, and (ii and (iii) NC film under (i and ii) ambient, and (iii) inert atmospheres. e) Plots of |/I, vs illumination time for a single NC
crystal under (i) argon and (ii) oxygen/air atmospheres. The photograph of the single crystal is shown in the inset. f) Temperature-dependent PL decay

profiles of [Au,Cug (Sadm)g (DPPEO),] NC solid under inert atmosphere.

the NC solution (toluene) under argon and oxygen atmospheres
showed unaltered optical absorption features (Figure S5, Sup-
porting Information). A similar PL enhancement and quenching
was also observed in [Au,Cu,(Sadm), (TPP),] NC solution, when
purged under nitrogen and oxygen gases, respectively (Figure
S6, Supporting Information). The solid-state emission of NCs
is an important property for their use in real-world devices.
The solid-state diffuse reflectance spectrum (DRS) and PL spec-
trum of [Au,Cug(Sadm),(DPPEO),] NC solid (the reflectance
spectrum has been converted to absorption spectrum using the
Kubelka—Munk function) revealed that the absorbance features
observed initially at 425, 515, and 594 nm in solution became
broader and slightly blue shifted to 390, 510, and 584 nm,
respectively. More importantly, the emission peak at 798 nm di-
minished drastically, while the 675 nm emission shifted slightly
to 672 nm and remained prominent (Figure 3b). A similar trend
was observed in the case of [Au,Cu,(Sadm),(TPP),] NC (Figure
S7, Supporting Information). The dominance of higher-energy
emissive states (672 nm) in the solid-state likely arises due
to the suppression of longer-wavelength emission, which is
attributed to restricted molecular motions or the enhancement
of non-radiative decay pathways. These observations suggest
that the solid-state environment is crucial in activating a specific
radiative channel, favoring a single dominant emission ~672
nm. The optical bandgap of [Au,Cu,(Sadm),(DPPEO),] NC
solid is calculated from the Tauc plot and found to be 1.89
eV (Figure 3c). Electrochemical differential pulse voltammetry
(DPV) was used to investigate the electrochemical band gap of
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the [Au,Cuy(Sadm),(DPPEO),]. As shown in Figure S8 (Sup-
porting Information), the LUMO level is located at —3.05 eV
with respect to the vacuum level (=1.93 V vs. Ag/Ag*), and the
HOMO level is located at ~5.34 eV (+0.36 V vs. Ag/Ag"), giving
an electronic bandgap of 2.29 eV.

The photostability of NCs in both solution and solid-state (film)
was examined by comparing their PL intensity before and after
exposure to UV light (365 nm; low power) at different time in-
tervals. A plot of /I, (I, represents the PL intensity at t = 0)
vs. illumination time shows better photostability for NC film
under an argon atmosphere (Figure 3d (iii)) compared to the
ambient condition (Figure 3d (ii)) or its solution under ambi-
ent condition (Figure 3d (i)). Though the NC solution photo-
bleached within 60 min of illumination, the NC film withstood
longer, as evident from the UV/Vis spectra recorded under UV
light exposure (Figure S9a,b, Supporting Information). The in-
tact optical absorption features of the NC film after UV expo-
sure revealed the photostability of NC in the ensemble solid-
state. The photostability of single crystals was also evaluated un-
der different gaseous atmospheres. Before exposure to a high-
power CW (continuous-wave) laser (512 nm), the single crystals
placed inside a plastic petri dish were sealed and purged with
argon gas using a syringe needle. The PL intensity trajectory of
a single-crystal under an argon atmosphere showed stable pho-
ton counts (Figure 3e (i)). However, the crystals photobleached
quickly when the argon was replaced with oxygen or air (Figure 3e
(ii)). The photograph of a single crystal used for the experiment is
shown in the inset of Figure 3e. The overall data suggest that the

© 2025 Wiley-VCH GmbH
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photostability of NC is better when the crystals are stored under
an inert atmosphere. The thermogravimetric analysis (TGA) re-
vealed that the NC powder remained stable up to 200 °C (Figure
S10, Supporting Information). We further investigated the decay
profile of NC in detail. The average lifetime (z,,) and PLQY of
[Au,Cu,(Sadm),(DPPEO),] NC solid (under vacuum) were found
to be 1.9 s (Figure S11, Supporting Information) and 62%, re-
spectively. The long-excited state lifetime suggests that the triplet
excitons are involved in the emission process. This excited state
lifetime may be due to phosphorescent emission (triplet (T;) to
singlet (S,)) or thermally activated delayed fluorescence (TADF)
emission (T;-S;-S,). To further confirm whether it is a phospho-
rescent emitter or TADF emitter, the temperature-dependent PL
spectra (Figure S12, Supporting Information) and decay profiles
(Figure 3f) were measured under vacuum by sandwiching the
NC powder between two quartz plates. As shown in Figure S12
(Supporting Information) and Figure 3f, a temperature sweep be-
tween 310 to 200 K was carried out. The PL intensity and lifetime
values (1.8 to 2.4 ps) were increased when the temperature de-
creased from 310 to 200 K. The increase in PL intensity and de-
layed lifetime is due to the decreased molecular vibrations at low
temperatures, which decreases the non-radiative channels and
results in efficient harvesting of the triplet state at low tempera-
tures. Therefore, the increase in PL intensity with a decrease in
temperature and delayed lifetime in microseconds shows that the
emission comes mainly from the T, to the S, state. This confirms
that [Au,Cu,(Sadm),(DPPEO),] NC is a phosphorescent emitter
and not the TADF emitter.l>")

Self-assembly approaches have been utilized to fabricate
higher-order NC superstructures and alter the PLQY of lumines-
cent NCs.[0>66] The self-assembly allows restricted intermolecu-
lar motions, reduces the rotational degree of freedom of the NC
surface ligands, and prevents nonradiative relaxations, thereby
amplifying the PL.!} To explore the solid-state emission be-
havior and the impact of aggregation/assembly on the photo-
physical properties of NCs, we further examined the solvent-
induced aggregation of [Au,Cu,(Sadm),(DPPEO),] NC solution
(tetrahydrofuran; THF) in the presence of a poor solvent such
as H,0. Remarkably, the purple-colored NC solution maintained
its optical transparency even as the water volume fraction (f,
= VOlyaier/VOlrpirswater) i3CTEased up to 50%. When the f, in-
creased from 50% to 90%, the solution turned cloudy with an
enhancement in PL intensity (Figure 4a). To understand this phe-
nomenon in detail, we analyzed the changes in PL intensity fol-
lowing the gradual addition of water (Figure 4b). Up to a 40%
water fraction, no significant visual or PL changes were observed.
However, at 50% {,, the solution turned cloudy, accompanied by
an increase in PL emission 675 nm and a slight reduction in
the emission ~#800 nm. Notably, at 60% f, the lower-wavelength
emission blue-shifted slightly to 672 nm and became dominant,
while the higher-wavelength emission ~800 nm has been com-
pletely suppressed. When the water content increased from 70%
to 90%, the overall emission intensity was found to decrease com-
pared to 60% f,,. These trends in PL spectra (Figure 4c) strongly
suggest that the restricted molecular movement of ligands dur-
ing the aggregation/assembly of NCs induces a specific emissive
channel, favoring a single, dominant emission.

The TEM (Figure S13, Supporting Information) and field
emission scanning electron microscopy (FESEM; Figure 4d) im-
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ages of NC solutions at different f, revealed spherical assemblies
in all cases. However, the average diameter (size of the spheres)
increased from 50% (~140 nm) to 60% (~250 nm) and then de-
creased systematically from 70% (~150 nm) to 90% (=70 nm).
The results were in agreement with the dynamic light scattering
(DLS) data (Figure S14, Supporting Information). Notably, the
size of the spherical assemblies was found to be maximum when
f, is 60%, which is in good agreement with maximum intensity
in the PL spectra (Figure 4b) and the scattering in the UV/Vis
absorption spectra of NC solution at different f,, (Figure S15,
Supporting Information). The atomic force microscopy (AFM)
revealed the average thickness and diameter of a single sphere
&~ 200 and 250 nm, respectively (Figure S16, Supporting Infor-
mation). The agreement in the size of the spherical assemblies
in AFM, TEM, FESEM images, and DLS suggests the presence
of spherical assemblies in the solution and not due to the pos-
sibility of evaporation-induced assemblies. The scanning trans-
mission electron microscopy (STEM) image and elemental map-
ping revealed the presence of gold, copper, sulfur, phosphorus,
and oxygen (Figure 4e; Figures S17 and S18, Supporting Infor-
mation). To further understand the 3D internal structure of the
assembly, TEM electron tomography (ET) reconstruction was per-
formed (Figure 4f).[%] For 3D reconstruction, 2D TEM projec-
tions were collected by tilting the specimen between + 70" with
an increment angle of 2° (Figure S19, Supporting Information).
The aligned tilt series suggests a spherical nature of the super-
structure. The 3D reconstruction and cross-sectional views show
the presence of densely packed NCs in the assembled spheres
(Video S1, Supporting Information). The ET reconstruction data
agree with AFM, FESEM, and TEM, as shown above. Importantly,
a slight deformation is observed in all spherical particles due to
strong adhesion to the carbon support film of the TEM grid.[®”]
The densely packed structure further suggests that the enhanced
PL intensity is presumably due to the restricted rotation of lig-
ands that reduces the non-emissive relaxation pathways.

To investigate the electroluminescence (EL) performance of
[Au, Cu,(Sadm),(DPPEO),] NCs, a non-doped device was fabri-
cated with the following device architecture: Glass/ITO/PEDOT:
PSS (40 nm)/PVK (30 nm)/[Au,Cu,(Sadm) (DPPEO),] NCs (25
nm)/TPBi (50 nm)/Liq (2 nm)/Al (100 nm) (Figure 5a). The
chemical structures of different layers used in the device fab-
rication is shown in Figure S20 (Supporting Information). The
device performance characteristics are shown in Figure 5b—f
and summarized in Table 1 and Video S2 (Supporting Infor-
mation). The EQE vs. luminance curve shows an EQE . of
12.60% with a turn-on voltage of 3V. The J-V-L (current den-
sity vs voltage vs luminance) curve shows a maximum cur-
rent density of 387 mA cm™ and a maximum luminance of
1246 ¢d m=. The device shows the maximum current effi-
ciency (CE,,,) and power efficiency (PE, ) of 3.7 cd A~! and
3.8 Im W1, respectively. The EL spectra show a maximum EL
wavelength (Ag) of 668 nm with the CIE coordinates of (0.70
and 0.30), and FWHM (full-width half maximum) of 72 nm. The
CIE coordinates of the [Au, Cu,(Sadm),(DPPEO),] NCs-based de-
vice are located at the edge of the chromaticity diagram, which
represents the most saturated red color light. The EL spec-
tra of [Au,Cu,(Sadm),(DPPEO),] NCs-based device were also
taken at various voltages (5-10 V; Figure 5b), and no signifi-
cant residual emission peak was observed. This indicates that the
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Figure 4. a) Photographs of NC solution (under visible and UV light) prepared in different f,,. The corresponding PL spectra are shown in Figure 4b. A
Plot of I/14 vs f,, is shown in Figure 4c. d) FESEM images of NC assembly fabricated at (d;) 50%, (d,) 60%, (d3;) 70%, and (d4) 90% f,,. (e;) STEM image
(60% f,,) and elemental maps of a single sphere showing (e,) gold, (e;) copper, (e4) sulfur, (e5) phosphorus, and (eg) oxygen. (f;) 3D reconstructed

structure of the superstructures showing spherical assembly, and (f, and f3) shows the cross-sectional view suggesting densely packed NCs.

fabricated [Au,Cug(Sadm),(DPPEO),] NCs-based device is very
stable under different operating voltages, and the electron-hole
recombination occurs within the emissive layer at different op-
erating voltages. To evaluate the device’s performance, the en-
ergy level alignment of the device was also analyzed (Figure
S21, Supporting Information). The NC has a HOMO at ~5.34
eV and LUMO at #3.05 eV (from DPV measurements), which
suggests a reduced hole injection barrier (from PVK) and a
moderate electron injection barrier (from TPBi). This energy
alignment supports balanced carrier injection, reduced charge
leakage, and efficient exciton confinement within the emis-
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sive layer. Compared to the previous reports, the exceptional
device performance demonstrates that this is one of the first
solution-processed non-doped NC-based devices holding high
EQE and a deeply saturated red emission. As a control, we also
fabricated the device with [Au,Cu(Sadm),(TPP),] NCs as an
emissive layer in a similar device structure (Figure S22, Sup-
porting Information). The EQE of [Au,Cu,(Sadm)(TPP),] NC-
based device was found to be only 3.24%, which is much less
compared to [Au,Cu,(Sadm),(DPPEO),] NC-based device (de-
tails are provided in Table 1). The performance comparison of
[Au, Cuy(Sadm),(DPPEO),] NC with previous reports is provided

© 2025 Wiley-VCH GmbH
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Figure 5. a) A schematic of the LED device. b) EL spectra of the device at 5, 7, and 10V. c¢) EQE vs luminance curve. The inset shows a photograph of
the fabricated LED device. d) Current density-voltage-luminance (J-V-L) curves of the device. e) Power efficiency-luminance-current efficiency curves

of the device. f) Chromaticity diagram of the device.

in the Table S1 (Supporting Information). The table shows that
[Au,Cu,(Sadm),(DPPEO),] NC performs the best in a solution-
processed non-doped device with saturated red emission. This
study not only demonstrates the high performance of the device
but also looks into how ligand design can improve PLQY and
overall performance. These NCs are expected to play an impor-
tant role in developing next-generation LEDs.

3. Conclusion

In summary, we have successfully demonstrated the
fabrication of NC-LED wusing the solid-state emitting
[Au,Cu,(Sadm),(DPPEO),] NCs. The gold-copper bimetallic
NCs synthesized using the magical combination of HSadm
and DPPE ligands showed rapid crystallization during

Table 1. The summary of device characteristics.

solvent evaporation. These NCs showed exceptional pho-
tostability when their crystals/films were preserved under
inert conditions. The NCs displayed solvent-induced aggre-
gation behavior, resulting in spherical superstructures and
self-assembly with enhanced PL. Multiple spectroscopic and
microscopic techniques have been employed to study the
assembly and morphology of superstructures. The average
diameter of assembled superstructures was found to be at
a maximum of 60% volume fraction, which was systemat-
ically reduced by increasing the volume fraction. DLS data
were in good agreement with TEM and FESEM micrographs.
HRTEM, ET reconstruction, AFM, and FESEM data revealed
the presence of thickly packed NCs in the assembled super-
structures. The restricted molecular movement of ligands
during the aggregation/assembly of NCs helped to reduce the

Emitting layer Turn-on Voltage [V] ~ Current density L, [cd m™]  EQE,,, [%] CE,ax PE,ax AEL max CIE [x, y] FWHM
@ 1cdm™ [Jmax] MA cm=2 [cd AT [Im W] [nm] [nm]
3.0 38742 (@15 1246 (@ 15V) 12.60 3.70 3.80 668 (0.70, 0.30) 72.00
[Au,Cug(Sadm), (DPPEO),] V)
[Au,Cug (Sadm)¢ (TPP),] 5.8 5455 (@ 15V) 55.17 (@ 15V) 3.24 2.31 1.21 666 (0.67,0.31) 68.47
Linax = maximum luminance, EQE, ., = maximum external quantum efficiency, CE,,,, = maximum current efficiency, PE ., = maximum power efficiency, A(EL),,,., = electro-

luminescent maximum wavelength.
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non-emissive relaxation pathways. Finally, the NC-LED has
been fabricated using the solution-processed technique without
using any additional host materials. The fabricated NC-LED
showed a maximum brightness of 1246 c¢d m~2 and an EQE
of 12.60% with a saturated pure red emission. This EQE
value with saturated deep red emission is the best among
solution-processed, non-doped NC-LED devices. The results
presented in the work suggest the potential of NCs for the
fabrication of sustainable, non-toxic, and efficient LEDs in the
future.

4. Experimental Section

Reagents and  Materials: All  the chemicals and solvents
are analytical grade and used without any further purification.
Chloro(dimethylsulfide)gold(l)  ((CH3),SAuCl), copper (Il) nitrate
trihydrate  (Cu(NO3),-3H,0), T-adamantanethiol (HSadm), and
sodium borohydride (NaBH,) were purchased from Sigma—Aldrich.
1,2-bis(diphenylphosphino)ethane  (DPPE) and triphenylphosphine
(TPP) were purchased from Tokyo Chemical Industry (TCI) Co. Ltd.
Japan. Acetonitrile (ACN), dichloromethane (DCM), tetrahydrofuran
(THF), toluene, ethanol, hexane, and chloroform-d (CDCl;) were pur-
chased from Sisco Research Laboratories (SRL). The different chemical
layers used for the device fabrication were purchased commercially.
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS)
was purchased from Ossila Ltd. Polyvinyl carbazole (PVK) was purchased
from  Sigma-Aldrich.  2,2',2"-(1,3,5-benzinetriyl)-tris (1-phenyl-1-H-
benzimidazole) (TPBi) and lithium-8-hydroxyquinolinolate (Liq) were
purchased from BLD Pharmatech (India) Pvt. Ltd. PEDOT: PSS and PVK
were used as received, whereas TPBi and Liq were further purified by
vacuum sublimation before the device fabrication.

Instrumentation: The "H and 3P NMR measurements were carried
out using Bruker, AVANCE |1l HD 400/500 MHz spectrometers. UV/Vis ab-
sorbance and DRS spectra were recorded in the JASCO-V-750 spectropho-
tometer. PL spectra were recorded using a PerkinElmer LS55 Spectroflu-
orimeter. Optical images of crystallized NCs were recorded using a Le-
ica optical microscope. Absolute PLQY measurements and temperature-
dependent PL lifetime of NC powder were carried out using an Edinburgh
FLS 100 Fluorescence lifetime spectrometer (510 nm diode laser). The flu-
orescent image of the NC crystal was captured using an Olympus CKX53
inverted microscope (435 nm excitation). DLS measurements were per-
formed in Zetasizer Nano S90 (Malvern). ESI-MS measurements were
carried out on a Waters Synapt G2-Si high-definition mass spectrome-
ter. DPV was performed using an Electrochem SAS Origalys electrochem-
ical workstation at room-temperature. Measurements were carried out
in a deaerated ACN/toluene mixture with tetrabutylammonium hexafluo-
rophosphate as the supporting electrolyte. A glassy carbon electrode was
used as the working electrode, with a Pt wire as the counter electrode
and Ag/Ag" as the reference electrode. Ferrocene/ferrocenium (Fc/Fct)
served as the internal standard, and all potential energy levels of a molec-
ular orbital (MO) relative to vacuum level by Ey,o (V, vs. NHE) = —Ey0
(eV, vs. Vacuum level) — 4.44.157] HR-TEM images were recorded on a FEI
Talos F200S (200 kV) TEM and JEOL 3010 (300 kV) TEM. A Jeol F200 STEM
electron microscope operated at 200 keV was used for STEM images with
EDS and elemental mapping and collecting data for 3D electron tomo-
graphic reconstruction. For tomographic reconstruction, 2D projections
were collected between + 70° with increment angles of 2°. The acquired
raw 2D projections were first subjected to a series of pre-processing using
the IMOD software package.[’®”] Coarse alignment was used to create
the aligned file. The custom-made maximum entropy method (MEM) pro-
gram was used for 3D reconstruction.[”273] Chimera was used to produce
colored images. FESEM analysis was performed with a Verios G4 UC, FEI
instrument. The samples were sputter-coated with an Au/Pd mixture to
produce better-quality images without charging. AFM images were cap-
tured using an Agilent Technologies 5500 series AFM/SPM microscope
equipped with Pico View 1.14.1 software, and finally, images were pro-
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cessed using Gwyddion. XPS spectra were recorded using a Thermo Sci-
entific ESCALAB 250Xi (XR6 Micro-focused Monochromator, Al Ka). SC-
XRD data collection was performed using a Bruker D8 VENTURE single-
crystal X-ray diffractometer. TGA was carried out using a TA Instrument
Model SDT Q600. Silicon photodiode with Keithley 2450 source meter
and Keithley 2100 multimeter were used to measure the current-voltage-
luminescence (J-V-L) characteristics. The EL spectra were obtained using
a Hitachi F-7100 fluorescence spectrophotometer.

Synthesis of [Au,Cug(Sadm)g(TPP),] NCs: [Au,Cug(Sadm)g(TPP),]
NCs were synthesized using the previously reported protocol.[*°]

Synthesis of [Au,Cug(Sadm)s(DPPEO),] NCs: Briefly, (CH;),SAuCl
(30 mg; 0.1 mmol) and DPPE (80 mg; 0.2 mmol) were dissolved in 10
mL DCM. In parallel, Cu(ll)NO53-3H,0 (50 mg; 0.2 mmol) was dissolved
in 5 mL CH;CN using ultrasonication. The addition of the freshly prepared
copper salt solution into the stirring (21000 rpm) solution of gold/DPPE
mixture prepared in DCM produced a greenish solution within 15 min of
the reaction. The addition of HSadm (68 mg; 0.4 mmol) into the above-
prepared greenish solution turned it colorless. To this colorless solution
kept at 0 °C, NaBH, (40 mg (1 mmol) in 5 mL ethanol) was injected and
stirred vigorously for another 20 h till a purple-colored precipitate was
formed. The precipitate was washed independently with CH;CN and hex-
ane, extracted in DCM, and the final rotary evaporation produced a purple-
colored NC powder. All the reactions were performed under dark condi-
tions in an ambient atmosphere. The yield of the NC is 85% with respect
to Cu.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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