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ABSTRACT: Circularly polarized light-emitting diodes (CP- . AT ey O Circularly polarized light emission
LEDs) are critical for next-generation optical technologies, ranging TN YK 4l
from holography to quantum information processing. Currently m

deployed chiral luminescent materials, with their intricate synthesis N oo ) g P
and processing and limited efficiency, are the main bottleneck for TP h‘é WS 0 H\A
CP-LEDs. Chiral metal nanoclusters (MNCs) are potential CP- <~ 7 £¢ R o & 2

LED materials, given their ease of synthesis and processability as

41
well as diverse structures and excited states. However, their films  cyauRBTT),  Cuhuy(s-BTT), un}
are usually plagued by inferior electronic quality and aggregation- A 600 650 700
caused photoluminescence quenching, necessitating their incorpo- Wavelength (nm)

ration into host materials; without such a scheme, MNC-based

LEDs exhibit external quantum efficiencies (EQEs) < 10%. Herein, we achieve an efficiency leap for both CP-LEDs and cluster-
based LEDs by using novel chiral MNCs with aggregation-induced emission enhancement. CP-LEDs using enantiopure MNC films
attain EQEs of up to 23.5%. Furthermore, by incorporating host materials, the devices yield record EQEs of up to 36.5% for both
CP-LED:s and cluster-based LEDs, along with electroluminescence dissymmetry factors (Ig|) of around 1.0 X 107>, These findings
open a new avenue for advancing chiral light sources for next-generation optoelectronics.

B INTRODUCTION ligands. The interaction between the metal atoms and ligands
as well as the metal—metal synergistic effect plays a crucial role
in determining the complex excited states and luminescence
properties of these nanoclusters.”® By precisely tuning the

Circularly polarized luminescence (CPL) has promising
applications in three-dimensional holographic displays, aug-
mented and virtual reality, optical data storage, biological

imaging, and optical quantum information processing.'~’ number of metal atoms, ligand structures, and coordination
Traditionally, circularly polarized light is obtained from strength, the excited states and luminescence properties may
unpolarized light through a linear polarizer and a quarter- be tailored to suit specific applications.””**

wave plate. However, at least 50% of the photons will be lost in The efficiency of LEDs based on MNCs thus far has been
the process.”” In contrast, light-emitting diodes (LEDs) based limited by two primary issues. The presence of excessive
on chiral luminescent materials, so-called circularly polarized ligands which leads to inferior electrical conductivity and
light-emitting diodes (CP-LEDs), directly generate circularly electronic film quality adversely affects charge injection and
polarized electroluminescence (CPEL), enabling simpler and transport within the LEDs.”” Moreover, when MNCs aggregate
efficient devices.”''" Over the past few years, numerous chiral or come into proximity, their excited states can interact,
luminescent materials were introdluzc_elczll in the CP-LEDs, such resulting in nonradiative energy transfer and quenching of the

as chiral lanthanide complexes, chiral small organic
molecules,"”™"" chiral conjected polymers,"*™*° and chiral
transition metal complexes.”'”>’ However, their intricate
synthesis, complex processing, and limited efficiency have
hindered the development of CP-LEDs. Rec?ived‘ November 21, 2023
Recently, chiral metal nanoclusters (MNCs) have emerged Revised:  January 3, 2024

as attractive circularly polarized emitters, combining the AccePted: January 18, 2024
advantages of organic and inorganic materials.””*> MNCs are Published: February S, 2024
typically composed of several metal atoms, such as gold, silver,

copper, and other transition metals, coordinated with organic

luminescence.’”*! These factors require the integration of
MNCs into host materials, which have shown promise in
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Figure 1. Structure, photoluminescence characteristics, and chirality of Cu,Au,(R-BTT), and Cu,Au,(S-BTT),. (a) Molecular structure and ball—
stick model of Cu,Au,(R/S-BTT),. (b) Photographs under indoor light and UV light and (c) photoluminescence quantum efficiency spectra under
an excitation at 365 nm of Cu,Au,(R/S-BTT), in solution and film states. (d—f) PL characteristic variation as Cu,Au,(R-BTT), and Cu,Au,(S-
BTT), transfer from solutions to films. (d) Normalized PL emission (solid line) and normalized PL excitation (PLE, short dot) spectra. The PL
and PLE spectra were excited and recorded at 365 and 540 nm, respectively. (e) PL intensity evolution curves under a constant excitation at 365

nm. The PL intensity was recorded at 540 nm. (f) TRPL decay curves. (g) CD spectra, (h) CPPL spectra, and (i) gp, versus wavelength curves of

Cu,Au,(R/S-BTT), films.

partially mitigating and ameliorating these issues, leading to an
increase in the reported maximum external quantum efliciency
(EQE) up to 29.4%.”> Nevertheless, in the majority of
reported studies, the incorporation of at least 80 wt % host
materials remains a prerequisite to ensure suflicient electrical
conductivity of the emissive layer.”””>>* On the other hand,
the EQEs of LEDs based on pure MNCs, without host material
integration, remain below 10%,>%3473¢ underscoring the need
to surmount MNC-LED challenges to harness their potential
for high-efficiency optoelectronics.

Herein, we report high-efficiency CP-LEDs using novel
chiral copper—gold MNCs protected by enantiopure R/S-4-
benzylthiazolidine-2-thione (R/S-BTT) ligands. These enan-
tiopure MNCs, namely Cu,Au,(R-BTT), and Cu,Au,(S-
BTT),, exhibit aggregation-induced emission enhancement

4145

(AIEE), endowing their solution-processed films with high
photoluminescence quantum yields (¢bp;) of up to ~94 and
89%, respectively. CP-LEDs with pure MNC emissive layers
achieved high EQEs of 23.5 and 20.8% for Cu,Au,(R-BTT),
and Cu,Au,(S-BTT),, respectively. Furthermore, by adding 20
wt % tris(4-carbazoyl-9-ylphenyl)amine (TCTA) into
Cu,Au,(R-BTT),, the devices displayed optimal energy band
alignment and faster exciton transfer from singlet to triplet,
yielding an EQE of 36.5%, highest reported to date for any CP-
LEDs and cluster-based LEDs. Notably, these devices
exhibited remarkable CPEL with a dissymmetry factor (Igg;|)
of ~1.0 X 107>

https://doi.org/10.1021/jacs.3c13065
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B RESULTS AND DISCUSSION

Optoelectronic Characteristics and Aggregation-In-
duced Emission Enhancement (AIEE) Behavior.
Cu,Au,(R-BTT), and Cu,Au,(S-BTT), are synthesized by a
protocol for one-pot gram-scale production. Details of the
synthesis processes are described in the Methods. The
crystallographic data shown in Table S1 reveal that
Cu,Au,(R-BTT), and Cu,Au,(S-BTT), crystallize in the
chiral space group P2, and their molecular and ball—stick
structures are shown in Figure la. As shown in Figure S1I, the
crystallographic analysis reveals a distinctive planar tetranuclear
structure composed of a Cu—Au alloy, protected by R/S-BTT
ligands. The Cu—Au core displays quasi-rhombic geometry
with two pairs of unequal opposite angles. The average Cu—Au
distance of 2.847 A is notably shorter than the sum of their van
der Waals radii (3.06 A), indicating the participation of
metallophilic interactions in stabilizing the nanocluster
structure. The ligands adopt a bidentate binding pattern,
with nitrogen atoms bonding with the copper atoms and sulfur
atoms of the thioketone bonding to gold atoms. This
arrangement results in the formation of a rigid five-membered
ring (Au—Cu—N—C-S) and a more compact Cu—Au core.
The terminal benzyl groups exhibit distinctive spatial
orientations, reflecting their considerable rotational freedom,
as the nanoclusters exist as discrete molecules. Notably, when
the clusters aggregate into a film state, the outer benzyl groups
of distinct clusters exhibit a propensity to interact, leading to
the creation of intercluster C—H---z and 77 interactions.’’
As shown in Figure S2, these noncovalent interactions play a
crucial role in guiding the nanocluster self-assembly, resulting
in a monoclinic crystal system. Besides, these interactions
coupled with electron delocalization traits inherent in the
benzyl groups hold considerable promise in enhancing the
conductivity of Cu,Au,(R/S-BTT), films. Such enhanced
conductivity holds paramount importance in ensuring the
successful fabrication of high-performance LEDs based on pure
clusters. Additionally, we investigated the molecular structure
stability of Cu,Au,(S-BTT), in solution through nuclear
magnetic resonance (NMR). As illustrated in Figures S3 and
S4, no resonance signal corresponding to free S-BTT ligands
was detected in the NMR spectra of Cu,Au,(S-BTT),. The
absence of such signals implies the robust stability of
Cu,Au,(S-BTT),.

In pursuit of high-performance LEDs, the other critical
factor is to use an emitting material with a high ¢p in the film
state. Both Cu,Au,(R-BTT), and Cu,Au,(S-BTT), display
desirable AIEE behavior, as evidenced by the distinct
enhancement of their photoluminescence when their solutions
were transferred to films (Figure 1b). As shown in Figure Ic,
the ¢pp;, of CuAu,(R-BTT), and Cu,Au,(S-BTT), increases
significantly from 7 and 13 to 94 and 89%, respectively. (The
slight decrease in ¢p for CuAu,(S-BTT), compared to
Cu,Au,(R-BTT), can be attributed to variations in the purity
of raw materials.) This remarkable AIEE behavior originates
from the pronounced restriction of molecular motions. More
precisely, upon self-assembly into a film state, the rotational
and vibrational movements of the terminal groups in
Cu,Au,(R/S-BTT), experience significant constraints due to
spatial confinement. This restriction, caused by the intercluster
C—H-7 and #---7 interactions, is promising to reduce the
nonradiative recombination of excitons. Furthermore, upon the
transformation of solutions into films, the ultraviolet—visible
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(UV—vis) absorption spectra (Figure SS) exhibit a significant
blue shift, whereas the PL spectra (Figure 1d) show a slight red
shift, resulting in an expanded Stokes shift. The large Stokes
shift of emitting materials is a desirable characteristic when
employed in LEDs, as it can diminish undesired photon
reabsorption.”® Meanwhile, subtle variations are observed in
the emission peaks and absorption spectra of Cu,Au,(R-BTT),
and Cu,Au,(S-BTT),, which may arise from slight differences
in the electronic structures that are influenced by their
configuration at the chiral center. The three-dimensional
excitation—emission matrix (3D-EEM) luminance spectra
(Figure S6) show that the PL emission peaks are independent
of excitation and only slightly shift as the solutions are
transferred to films, indicating that the clusters possess a
similar exciton recombination process in different states. In
contrast, the PL excitation (PLE) spectra (Figure 1d) exhibit a
remarkable blue shift, implying that the excited states change
due to aggregation. To explore their impact on the PL
properties, the PL stability and lifetime were investigated.
Figure le demonstrates the PL intensity evolutions of the
clusters under constant excitation, where the T, (time of the
PL intensity decreasing to 90% of initial value) of Cu,Au,(R-
BTT), and Cu,Au,(S-BTT), increases significantly from 1.83
and 0.67 to 87.00 and 25.83 min, respectively, as their
solutions are transferred to films. Additionally, the time-
resolved photoluminescence (TRPL) decay curves exhibit a
remarkable augmentation of the PL lifetime by several orders
of magnitude (Figure 1f) upon the transition of their solutions
into film states. This pronounced extension is poised to
considerably amplify the radiative recombination ratio, thereby
underscoring a significant potential for the development of
high-efficiency LED devices.

Chirality and Circularly Polarized Photoluminescence
(CPPL) Property. The ultraviolet—visible circular dichroism
(UV-CD) spectra of Cu,Au,(R/S-BTT), show a mirror-image
relationship with opposite Cotton effects (Figure 1g), which is
distinctly different from the chiral ligands of R/S-BTT (Figure
S$7), indicating the chiral nature of the synthesized clusters.
Specifically, Cu,Au,(R-BTT), exhibits positive Cotton effects
at 265 and 351 nm and a negative Cotton effect at 299 nm,
suggesting a dextrorotatory structure. In contrast, CuzAuz(S-
BTT), shows opposite Cotton effects, indicating a levorotatory
structure. The UV-CD spectra are consistent with single-crystal
X-ray crystallography. To evaluate the CPPL properties of the
clusters, we investigated solution-processed cluster films using
CPL spectroscopy. Figure 1h illustrates the symmetrical CPPL
signals of Cu,Au,(R/S-BTT), films in the range of 525—700
nm. To quantitatively access the CPL property, the
dissymmetry factor (g, g = 2 X (I — I.)/ (Ix + I ), where
Iz and I} represent the intensity of right- and left-CPL,
respectively) was introduced. As depicted in Figure 1i, the gp
values of Cu,Au,(R-BTT), and Cu,Au,(S-BTT), films are
approximately 1.0 X 107> and —1.5 X 107>, respectively, which
are in the same order of magnitude as those of chiral organic
molecules.

CP-LEDs Based on Pure MNCs. CP-LED devices were
fabricated in a standard “sandwich” structure, consisting of
indium tin oxide (ITO)/modified poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (m-PEDOT:PSS)/Cu,Au,(R/
S-BTT),/2,2',2"-(1,3,5-benzenetriyl)-tris(1-phenyl-1-H-benzi-
midazole) (TPBi)/lithium fluoride (LiF)/aluminum (Al). The
image of cross-sectional CP-LED device and corresponding
energy dispersive spectroscopy (EDS) captured by trans-

https://doi.org/10.1021/jacs.3c13065
J. Am. Chem. Soc. 2024, 146, 4144—4152
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Figure 2. Device structure and performances of CP-LEDs based on pure Cu,Au,(R/S-BTT),. (a) TEM image and (b) corresponding EDS of the
cross-sectional CP-LED device based on Cu,Au,(R-BTT),. (c) Energy band alignment of the CP-LED device. (d) Luminance—voltage—current
density curves and (e) EQE, CE, and PE versus luminance curves of the CP-LED devices based on Cu,Au,(R/S-BTT),. (f) EL spectra of the CP-
LED devices based on Cu,Au,(R-BTT), with increased driving voltage and photograph of the operational device (inset).

mission electron microscopy (TEM) are presented in Figure
2a,2b, respectively. Both images confirm that the device was
fabricated according to the designed structure. Furthermore,
the scanning electron microscopy (SEM) image and
corresponding EDS display a dense and uniform cluster film
that was achieved through a solution processing method
(Figure S8a,b). The atomic force microscopy (AFM) image
confirms that the prepared film is smooth with low roughness
(Figure S8c). Figure 2c demonstrates the energy alignment of
the CP-LED based on Cu,Au,(R-BTT),. The highest
occupied molecular orbital (HOMO) of —6.0 eV is obtained
from analysis of the ultraviolet photoelectron spectroscopy
(UPS) results (Figure S9). The band gap is calculated from the
optical binding energy obtained from the UV—vis absorption
in Figure SS5. To gain deeper insights into the excited states, we
investigated the distribution of electronic charge densities
within the frontier molecular orbitals, utilizing density
functional theory (DFT) calculations. As illustrated in Figure
S10, the energy levels of the HOMO and the lowest
unoccupied molecular orbital (LUMO) are consistent with
the experimental observations. Notably, the electronic charge
densities associated with the HOMO and LUMO of
Cu,Au,(R/S-BTT), are predominantly localized in the regions
encompassing the S/N atoms and central metal atoms, which
significantly suggests that the emission could arise from charge
transfer excited states. To visually analyze the transition
characteristics of the excited states, we further investigated the
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natural transition orbitals (NTOs) of Cu,Au,(R/S-BTT),. As
shown in Figure S11, the outcomes reveal nearly identical
contours of the highest occupied (“hole”) and the lowest
unoccupied (“particle”) NTOs for first singlet (S, — S;) and
first triplet (S, — T;) transitions, which are mainly localized
on metal cores and ligand motifs, respectively. These
transitions correspond to HOMO — LUMO, indicating that
both S, and T, are dominated by HOMO — LUMO
transitions. Moreover, the metal core-centralized “holes” and
ligand-centralized “particles” ensure that the S; and T excited
states predominantly arise from metal-to-ligand charge transfer
(MLCT), leading to negligible nonradiative triplet cluster-
centered components.

We first examined the effect of the emitter thickness on
device performance, as it has a significant impact on radiative
recombination centers and light outcoupling efficiency.” The
thickness of the Cu,Au,(R-BTT), films, prepared using
different precursor concentrations, is detailed in Figure
S12a—e. As summarized in Figure S12f, the film thickness
exhibited a nearly linear relationship with precursor concen-
tration within the range of 9—21 mg mL™". Consequently, the
emitting layer’s thickness can be precisely controlled by
adjusting the precursor concentrations. Figure S13 presents the
performance of CP-LEDs manufactured with varying concen-
trations of Cu,Au,(R-BTT),. As summarized in Table S2, the
device fabricated with 15 mg mL™" Cu,Au,(R-BTT), achieved
an optimal thickness of approximately 60 nm, resulting in
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Figure 3. Performances of CP-LEDs based on a cluster with TCTA incorporating. (a) Energy band alignment of the CP-LED with TCTA
incorporation. (b) Luminance—voltage—current density curves of the CP-LEDs with different weight ratios of TCTA. (c) EL spectra of the CP-
LED with 20 wt % TCTA incorporation. (d) EQE—luminance curves and (e) statical maximum EQEs of the CP-LEDs with different weight ratios
of TCTA. (f) Summary of the EQEs of the LEDs using clusters or cluster complexes as parts of the emitting center (data in the figure are listed in
Table S4). (g) CPEL spectra and (h) g versus wavelength curves of the CP-LEDs based on Cu,Au,(R/S-BTT), with 20 wt % TCTA
incorporation. (i) Summary of EQEs and Ig;| for CP-LED:s in the literature and our work (data in the figure are listed in Table SS).

superior luminance and EQE. Utilizing this optimal precursor
concentration, we proceeded to fabricate devices based on
pure Cu,Au,(R/S-BTT),. The luminance—voltage—current
density (L—V—]) curves (Figure 2d) show that the CP-LEDs
based on Cu,Au,(R-BTT), and Cu,Au,(S-BTT), reach a peak
luminance of 2010 and 1670 cd m™2, respectively, at a driving
voltage of 7.2 and 6.6 V. Figure 2e depicts the efficiency curves
versus luminance of the CP-LEDs, in which those based on
Cu,Au,(R-BTT), and Cu,Au,(S-BTT), achieve a maximum
EQE (EQE,,,,) of 23.5 and 20.8%, respectively, corresponding
to a maximum current efficiency (CE,,,,) of 87.4 and 77.7 cd
A™! and maximum power efficiency (PE,,,.) of 53.9 and 50.8
Im WL, To ensure the accuracy of the efficiencies, calibration
was preformed using a commercially available inorganic LED.
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By comparing our test results with those provided by the
device manufacturers, it is evident that the observed
discrepancy is less than 1% (Figure S14). The static EQE,,,,
values of 60 devices are recorded in Figure S15a, which
indicates excellent reproducibility of high-efficiency CP-LEDs.
The electroluminescence (EL) spectra of the CP-LEDs based
on CuAu,(R-BTT), and Cu,Au,(S-BTT), are shown in
Figures 2f and S15b, respectively. Both devices emit stably at
564 and 562 nm, respectively, under different driving voltages
(the inset in Figure 2f shows an operational device with an
active area of 9.98 mm?). Additionally, the emission
coordinates of the CP-LEDs based on Cu,Au,(R-BTT), and
Cu,Au,(S-BTT), are determined to be (0.395, 0.572) and
(0.394, 0.574) on the Commission Internationale de
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Figure 4. Transient absorption (TA) spectra, TRPL decay curves, and phosphorescence emission process. 2D pseudocolor TA spectra of (a) pure
Cu,Au,(R-BTT), and (b) Cu,Au,(R-BTT), with 20 wt % TCTA. TA spectra at different delay times of (c) pure Cu,Au,(R-BTT), and (d)
CuyAu,(R-BTT), with 20 wt % TCTA. (e) Schematic of the phosphorescence emission process. (f) TRPL decay curves of Cu,Au,(R/S-BTT),

with 20 wt % TCTA incorporation.

I'Eclairage (CIE) chromaticity diagram (Figure S1S5c),
indicating a high degree of color purity of the emissions.
Additionally, the operational stability of the CP-LEDs was
evaluated under a constant current density of 0.2 mA cm?,
and the evolutions of their voltage, luminance, and EQE are
recorded in Figure S16. The CP-LEDs based on Cu,Au,(R-
BTT), and Cu,Au,(S-BTT), achieved half lifetimes of 395 and
251 s, respectively.

CP-LEDs Based on MNCs with Host Incorporation. In
our pursuit of enhancing CP-LED performance, we introduced
the commonly employed host material TCTA into the clusters.
As shown in Figure S17, the absorption and PL spectra of
Cu,Au, (R-BTT), films, with TCTA incorporation not exceed-
ing 25 wt %, exhibited negligible alterations, indicating that the
emissions still originate from the clusters. Notably, the energy
alignment illustrated in Figure 3a suggests that TCTA serves as
both a hole injection and electron-blocking material, holding
promise for exciton confinement and reduction of nonradiative
recombination. The L—V—] curves of the devices with different
ratios of TCTA incorporated (Figure 3b) exhibit a
distinguished increase of the luminance and current density
compared to those without TCTA (Figure 2d). The maximum
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luminance of the devices with 15, 20, and 25 wt % TCTA
incorporation reaches 3063, 3206, and 2499 «cd m72,
respectively. The EL spectra in Figure 3c reveal a slight
emission red shift, shifting from 564 to 569 nm upon the
incorporation of TCTA into Cu,Au,(R-BTT),.

Figure 3d offers insights into the EQE—Iluminance relation-
ship, where peak EQEs of 28, 36.5, and 27.2% are achieved at
the luminance of 147, 171, and 97 ¢d m™?, respectively. The
corresponding statistical maximum EQEs are presented in
Figure 3e, highlighting that CP-LEDs incorporating 20 wt %
TCTA demonstrate exceptional EQE performance, positioning
them as champion devices. The CP-LEDs based on Cu,Au,(S-
BTT), with 20 wt % TCTA incorporation were also fabricated
and evaluated, which exhibit analogous improvements to those
based on Cu,Au,(R-BTT),. As shown in Figure S18a,S18b, the
luminance and EQE were notably improved to 3197 ¢d m™>
and 32.7%, respectively. The EL spectra in Figure S18c exhibit
a stable emission peak at 566 nm under different driving
voltages. The performances of the most optimal devices are
summarized in Table S3. To evaluate the performance of our
cluster-based LEDs, we compiled a summary of LEDs
employing clusters or cluster complexes as integral compo-
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nents of the emitting center, as presented in Table S4. Their
respective EQEs are depicted in Figure 3f. We noted that our
devices have reached record EQEs of 23.5 and 36.5% in the
LEDs based on the pure cluster and cluster with host
incorporation, respectively. These exceptional EQEs make
our cluster-based LEDs competitive with other emerging LED
technologies, such as organic LEDs, quantum dot LEDs, and
perovskite LEDs (Figure S19).

The CPEL of the best-performing devices was additionally
investigated by CPL spectroscopy. Figure 3g depicts the
symmetrical CPEL signals spanning the range from 525 to 700
nm for the CP-LEDs based on Cu,Au,(R/S-BTT), with 20 wt
% TCTA incorporation. As shown in Figure 3h, their Igg|
values are approximate 1.0 X 1073, aligning with the levels
observed in most reported CP-LEDs based on the polymer,
small organic molecule, and exciplex. Furthermore, to obtain
the separated left-handed and right-handed circularly polarized
light spectra, we constructed homemade equipment. As
illustrated in Figure S20a, the EL beam including both right-
and left-CPEL is passed through a quarter-wave plate, which
changes it into mutually perpendicular linearly polarized lights.
These light beams can then be filtered by using a linear
polarizer. The right- and left-CPEL spectra are shown in Figure
S20b,c, respectively. Table SS and Figure 3i provide a summary
of the EQEs and |gg;| values of recently reported CP-LEDs.
Our devices achieved a record EQE in the realm of CP-LEDs,
while attaining Igg; | values comparable to those of other CP-
LEDs, except for a few that rely on polymers and metal
complexes and exhibit very low EQEs.

Transient Absorption (TA) Spectra, TRPL Decay
Curves, and Phosphorescence Emission Process. To
examine the differences in the ultrafast electron dynamics of
the cluster films with and without TCTA incorporation, we
performed femtosecond transient absorption (fs-TA) spectros-
copy. Under 365 nm pumped laser excitation, as the two-
dimensional (2D) pseudocolor fs-TA spectra shown in Figure
4a, the CuAu,(R-BTT), film exhibits two photoinduced
absorption (PA) signals, centered at 450 and S50 nm,
attributed to the excited-state absorption (ESA). Upon
TCTA incorporation, the PA signal undergoes narrowing
and its peak shifts to 425 nm (Figure 4b), indicating
heightened energy level organization arising from the
molecular interactions between TCTA and Cu,Au,(R-
BTT), To delve into the decay kinetics of the PA signals,
we extracted TA spectra at various delay times. Notably, the
Cu,Au,(R-BTT), film exhibits negligible decay over a S ps
time scale (Figure 4c), whereas a rapid decay transpires within
just 1 ps for the film with TCTA incorporation (Figure 4d).
The identical phenomenon is observed in the TA spectra of
Cu,Au,(S-BTT), films with or without TCTA incorporation,
as demonstrated in Figure S21. As schematic illustrated in
Figure 4e, the kinetic traces of the PA signals are assigned to
the internal conversion (IC) from S, to S, state coupled with
the intersystem crossing (ISC) from S, to Ty, as no additional
relaxation is observed. The shorter decay time indicates faster
IC and ISC processes for cluster films with TCTA
incorporation. After the rapid IC and ISC processes, the
excitons recombine from a long-lived triplet excited state to the
ground state, emitting phosphorescence. Additionally, TCTA
incorporation leads to prolonged PL lifetimes, increasing from
3.89 and 3.92 s (as seen in Figure 1f) to 6.71 and 7.01 us for
the Cu,Au,(R-BTT), and Cu,Au,(R-BTT), films, respectively
(Figure 4f). The rapid IC and ISC processes, coupled with

long PL lifetimes, are promising to increase the ratio of
radiative recombination and bolster high-efficiency LED
fabrication.

B CONCLUSIONS

In summary, we advanced high-efficiency CP-LEDs through
novel enantiopure MNC films with high electronic quality and
AIEE. The EQEs of the CP-LEDs based on the MNCs were
dramatically improved (EQE = 23.5%, compared to < 10% in
previous reports). Adding just 20 wt % TCTA as a host further
optimized band alignment, enabling rapid singlet—triplet
transfer and a record EQE of 36.5% for both CP-LEDs and
MNC-LEDs, with Igg | ~ 1.0 X 107> These findings
underscore the remarkable potential of chiral MNCs to propel
the development of high-efficiency CP-LEDs.
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