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Pattern-Matched Polymer Ligands Toward Near-Perfect Synergistic
Passivation for High-Performance and Stable Br/Cl Mixed Perovskite

Light-Emitting Diodes

Benzheng Lyu', Dongyu Li*, Qiang Wang, Jiayun Sun, Qi Xiong, Dezhong Zhang,

Haibin Su,* and Wallace C. H. Choy*

Abstract: Mixed Br/Cl perovskite nanocrystals (PeNCs)\
exhibit bright pure-blue emission benefiting for fulfilling
the Rec. 2100 standard. However, phase segregation
remains a significant challenge that severely affects the
stability and emission spectrum of perovskite light-
emitting diodes (PeLEDs). Here, we demonstrate the
optimization of the spacing between polydentate func-
tional groups of polymer ligands to match the surface
pattern of CsPbBr,¢Cl,, PeNCs, resulting in effective
synergistic passivation effect and significant improve-
ments in PeLED performances. The block and alternat-
ing copolymers with different inter-functional group
spacing are facilely synthesized as ligands for PeNCs.
Surprisingly, block copolymers with a higher functional
group density do not match PeNCs, while alternating
copolymers enable efficient PeNCs with the high photo-
luminescence intensity, low non-radiative recombination
rate and high exciton binding energy. Density functional
theory calculations clearly confirm the almost perfect
match between alternating copolymers and PeNCs.
Finally, pure-blue PeLEDs are achieved with the
emission at 467 nm and Commission Internationale de
I'Eclairage (CIE) coordinates of (0.131, 0.071), high
external quantum efficiency (9.1 %) and record spectral
and operational stabilities (~80 mins) in mixed-halide
PeLEDs. Overall, this study contributes to designing the
polymer ligands and promoting the development of

[*] Dr.B. Lyu,” D. Li," ). Sun, Dr. Q. Xiong, Dr. D. Zhang,
Prof. W. C. H. Choy
Department of Electrical and Electronic Engineering
The University of Hong Kong Hong Kong
Pokfulam Road, Hong Kong, P. R. China
E-mail: chchoy@eee.hku.hk

Q. Wang, Prof. H. Su

Department of Chemistry

The Hong Kong University of Science and Technology
Clear Water Bay, Hong Kong, P. R. China

E-mail: haibinsu@ust.hk

['] Benzheng Lyu and Dongyu Li contribute equally to this work

 © 2024 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Angew. Chem. Int. Ed. 2024, 63, €202408726 (1 of 6)

high-performance and stable pure-color PeLEDs to-
wards display applications.

Introduction

Mixed-halide perovskite nanocrystals (PeNCs) have shown
significant advantages in the field of light-emitting diodes
(LEDs) due to their tunable band gap, high photolumines-
cence quantum yields (PLQY), excellent color purity, low
cost, and facile synthesis, making them promising candidates
for display and lighting applications.! In particular, by
mixing halogens in specific proportions, their luminescence
can be easily achieved across the entire visible light range.”!
The facile emission spectrum tuning characteristics, which
are not dependent on strong quantum confinement effects,
minimizing influences of the particle size distribution on the
color purity, which is particularly advantageous for achiev-
ing high-quality and accurate color reproduction in elec-
tronic displays, as required by Rec. 2100 standard. For
instance, mixed Br/Cl PeNCs enable the pure-blue lumines-
cence at a peak wavelength of 467 nm and Commission
Internationale de 1'Eclairage (CIE) coordinates close to the
standard (0.131, 0.046) without the need for additional size
purification steps. However, their propensity for phase
segregation during continuous operation seriously limits the
spectral and operational stabilities of perovskite LEDs
(PeLEDs), dominantly  hindering their  practical
applications.”! Ligand passivation has been reported as a
particularly effective strategy for suppressing halide segrega-
tion, and thus improving the efficiency and stability of
PeLEDs." On the other hand, the length of ligand chains
determines charge transfer characteristics which is partic-
ularly crucial for pure-blue PeLEDs with large band gaps."’

Polymer ligands containing multi-dentate functional
groups can form very strong interactions and passivation
effects with the surface of PeNCs due to the synergistic
effect between adjacent coordination bonds.”! Moreover,
theoretical calculations have stated that the binding energy
between polymer ligands and perovskite increases monot-
onically with the number of repeating units, indicating the
potential for optimal passivation effects of polymer
ligands.”! According to previous studies, the band edges of
perovskite are primarily dependent on lead and halogen
orbitals, and the main defect sites are often considered as
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uncoordinated Pb ions.! Considering the neat surface of
cubic mixed Br/Cl PeNCs with regular pattern arrangement
of Pb*" locations, the degree of spacing matching between
the repeating functional groups of the polymer ligand and
the uncoordinated ions at the surface of PeNCs is crucial for
achieving perfect synergistic passivation effect. However,
there are a few studies on designing the structure of polymer
ligands, especially the spacing between functional groups,
which results in the poor matching in PeNCs.”) Most
polymers are reported as host materials for photolumines-
cence (PL) and their passivation effects are very limited."”

In this work, we focus on tuning the functional group
densities of polymer ligands to match the Pb-pattern of
pure-blue mixed-halide PeNCs, and further investigate the
influence of the structure of polymer ligands on optoelec-
tronic properties and performances of pure-blue PeLEDs.
Pattern matching was controlled by selecting alternating
copolymers (ACP) and block copolymer (BCP) matrices
with similar functional groups, and a length-optimized short-
chain amine was grafted onto the main chain to enhance the
oil solubility. Surprisingly, dense functional groups did not
result in very strong interactions with PeNCs, whereas the
functional group spacing of alternating copolymers better
matched the ion distribution on the surface of CsPbBr,Cl;,,
which was both experimental and theoretical verified. Due
to the excellent passivation effect of the polymer ligands,
the obtained PeNCs exhibited outstanding PL properties,
and very low defect density and Pb° content. In addition, the
shortened alkyl chain improved electrical properties of the
PeNCs film, including high mobility and low turn-on voltage
of PeLEDs. Finally, the polymer ligands simultaneously
exhibited effective synergistic passivation and improved
charge transfer resulting in high performance pure-blue
PeLEDs with an emission peak at 467 nm, CIE coordinates
of (0.131, 0.071), high external quantum efficiency (EQE) of
9.1 %, and recorded spectral stability and operational life-
time (75, ~80 mins).

Results and Discussion

The control Br/Cl-mixed PeNCs (C-PeNCs) were synthe-
sized via a two-step approach. Initially, CsPbBr; was
synthesized using hot injection method with traditional
ligands, oleic acid (OA) and oleylamine (OAm), as depicted
in Figure 1a.' Subsequently, CsPbBr,Cl;, was obtained
through halide exchange, using trioctylphosphine oxide
(TOPO)-assisted dissolved ZnCL,."! This method effectively
resolved issues such as PbCl, precipitation at high temper-
atures and differences in the crystallization rates of various
halide perovskites. Regarding the polymer ligands, two
polymers including a BCP of poly(styrene-co-maleic anhy-
dride) and a ACP of poly(methyl vinyl ether-alt-maleic
acid), as illustrated in Figure 1b and ¢, were chosen as
polymer matrices to react with short-chain di-n-hexylamine
to yield polymer ligands, named BCPN and ACPN,
respectively. Notably, the aforementioned amidation reac-
tion was essential to enhance the oil solubility, enabling the
direct addition of the as-synthesized polymer ligands to the
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Figure 1. Synthesis process of (a) conventional C-PeNCs utilizing only
OA and OAm as ligands; (b) B-PeNCs incorporating BCPN; and (c) A
PeNCs incorporating ACPN. The orange and light blue dots on the left
panel represent different arrangements of monomers in the copolymer,
which determine the spacing between carboxyl groups. The right panel
present the optimized configuration structure of the ligands interacting
with PeNCs based on DFT calculation, including the respective
/Pb—Br—Pb, coordination bond lengths and E,.

hot injection reaction solution. C¢H,;; group was optimized
as the shortest alkyl chain due to the insolubility of the
polymer ligands obtained by di-n-butylamine in the synthesis
environment (Figure S1). The PeNCs synthesized by BCPN
and ACPN ligands, were designated as B-PeNCs and A-
PeNCs, respectively (see more details in Methods section).
Density functional theoretical (DFT) calculations were
conducted to explore the optimal configuration of polymer
ligands interacting with CsPbBr,Cl;,, and the associated bind-
ing energy (E,)."” The binding energy (E,) of each adsorbate
was calculated using the formula: E,= EjamurrEiiganaEsr
where Ejpuqn,r 15 energy of the surface with the bound
polymer ligand, Ej,,, is the energy of the isolated ligand
polymer, and E,,,is the energy of the bare perovskite surface.
As shown in the right panel of Figure 1 and Figure S2, the
carboxyl groups of OA coordinate with the bare Pb in Br/Cl-
mixed halide perovskites, resulting a E, of —0.82eV in C-
PeNCs. In the case of B-PeNCs, despite there are two carboxyl
groups, the E, is only —0.97 eV. That low E, can be attributed
to two factors: 1) the carboxyl groups are too close together,
resulting in mismatched distances between them and Pb,
leading to restricted bond angles and elongated bond lengths;
2) the overcrowded carboxyl groups exert repulsive forces on
the negatively charged Br~ ions, causing the displacement of
Br~ and noticeable changes in the perovskite structure.
Encouragingly, A-PeNCs exhibit a high E, of —1.75¢eV, even
slightly higher than twice that of C-PeNCs. The two carboxyl
groups in A-PeNCs coordinate with Pb in a nearly parallel
manner, indicating that both carboxyl groups can freely
interact with Pb, and this can be extrapolated to other units of
the polymer ligand. Additionally, the perovskite structure of
A-PeNCs remains in its energetically lowest and most stable
form without significant deformations. All these results
confirm that the functional groups in BCPN are too closely
packed, while ACPN perfectly matches the surface pattern of
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PeNCs. DFT calculations indicate that further expanding the
distance between functional groups will result in pattern
mismatch, and there is no maleic anhydride-based ternary
alternating copolymer to support for further expansion of the
distance between functional groups. Therefore, the four C—C
single bonds in ACPN provide the optimal spacing between
functional groups.

The total reflection Fourier transform infrared spectro-
scopy (ATR-FTIR, Figure S3) was utilized to verify the
completion of the amidation reaction, which was indicated
by the disappearance of the anhydride signals (~1850 and
1774 cm™") and the emergence of amide groups (amide I,
1710 cm ™). The amide I peak also indicated the presence
of BCPN and ACPN in the purified PeNCs (Figure S4).M"
Scanning transmission electron microscopy (STEM) was
employed to investigate the morphology of the C-, B-, and
A-PeNCs, as illustrated in Figure 2a—c. All samples exhib-
ited a typical cubic shape with an average size of ~12 nm
which is determined by size distribution analysis (Figure S5).
It has been reported that the introduction of strong
coordinating ligands can inhibit the growth of PeNCs and
improve size control.’® On the other hand, the hydrophobic
chain length of the ligand also has a significant influence on
the size and morphology of PeNCs during their nucleation
and growth process.'” Therefore, the similar average sizes
of C-, B-, and A-PeNCs are due to the combined effect of
the strong synergistic coordination effect of the polymer
ligands and the short alkyl chain that respectively inhibit
and promote the growth of nanocrystals. In BCPN, which
contains two blocks rich in benzene rings and carboxyl
groups, respectively, with different interaction with PeNCs,
leading to different growth environments for B-PeNCs and
the broad size distribution.'”? In contrast, the narrow
distribution of A-PeNCs suggests that the ACPN with a
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Figure 2. (a—c) The STEM image of C-, B-, and A-PeNCs. (d) XPS Pb 4f
and O Ts spectra of C- and A-PeNCs. (e) UV/Vis absorption and PL
spectra, as well as (f) excitation density-dependent PLQY of A-, B-, and
C-PeNCs. (g) Temperature-dependent PL spectra (left panel) and
corresponding PL intensity integrated band fitting curves (right panel)
of C- and A-PeNCs.
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uniform structure contributes positively to the regulation of
crystal growth. The elemental composition of all PeNCs was
analyzed using energy dispersive X-ray spectroscopy (EDS,
Figure S6), and the chemical formula was determined to be
approximately CsPbBr,4Cl,;,. The detailed crystal structure
was characterized by high-resolution STEM (insert of Fig-
ure 2a-c) and X-ray diffraction (XRD, Figure S7), demon-
strating the successful synthesis of thermodynamically stable
B-phase PeNCs utilizing different polymer ligands.[*'")

X-ray photoelectron spectroscopy (XPS) was employed
to study the chemical environment of Pb, as shown in
Figure 2d and S8. The primary defects site of PeNCs are the
exposed Pb*" ions, as halide vacancies on the surface having
the lowest defect formation energy.'’ The Pb 4f signal was
deconvoluted into three components, and the proportion of
metallic Pb° in C-PeNCs reached ~10 %, which possibly due
to the decomposition of incomplete perovskite surfaces and
halide lead. In contrast, there was undetectable Pb’ in A-
PeNCs, and the proportion of Pb-COO™ increased consid-
erably, indicating that the polymer ligand eliminated the
easily decomposable Pb compounds and coordinated with
the PeNCs surface through Pb—O bonds.” Correspond-
ingly, the proportion of O coordinated to Pb in the O 1s
peak (Figure S9) also increased significantly.”"! In addition,
the —NH;* signal in the N 1s peak (Figure S10) increased
due to the incorporation of acidic polymer ligands, which
could be another effective way to passivate PeNCs.??

Subsequently, the PL characteristics of PeNCs were
investigated to elucidate the passivating effect of polymer
ligands on defects. Figure 2e displays the corresponding UV/
Visible absorption and PL spectra, showing that the PL
peaks remaining in the pure-blue range of ~465nm with
polymer ligands which is consist with the particle size and
atomic ratio characterization. Further, PLQY and time-
resolved PL (TRPL, Figure S11) were conducted to inves-
tigate the defect passivation and carrier recombination
dynamics.”® As shown in Figure 2f, the excitation density-
dependent PLQY revealed that the average PLQY of C-, B-
, and A-PeNCs were ~20 %, 40 %, and 60 %, respectively. In
addition, the PLQY, as an important parameter reflecting
the luminescence performance of PeNCs, is used as one of
the indicators to evaluate the long-term storage stability of
PeNCs. As shown in Figure S12, A-PeNCs exhibited
excellent dispersion (the illustration) and PL properties
even after six months of storage, with the PLQY retaining
approximately 70 % of its initial value. This result suggests
that the introduction of ACPN improved the stability of the
sample, while the use of double short alkyl chains ensured
the excellent dispersion of the PeNCs. Combined the PLQY
value with the significantly prolonged amplitude-weighted
average carrier lifetime (Tyyere) by ACPN, which is
extracted by the tri-experiential fitting of TRPL, the as-
calculated nonradiative recombination rate (k,,) dramati-
cally decreased from ~3.4x10°s™ for C-PeNCs to
~1.0x10%s™! for A-PeNCs, indicating that ACPN effectively
suppressed defect-assisted nonradiative recombination. Pre-
vious research has shown that due to the soft ionic nature,
light radiation or electrical field-induced ion migration is
common in perovskites, which is manifested as phase
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segregation in mixed halide perovskites.?” Phase segrega-
tion seriously affects the spectral stability of PeNCs
determining the feasibility of final applications, but in turn
spectral stability serves as a reliable indicator for studying
ion migration and phase segregation.’”! Eliminating surface
defects is one of the effective methods to suppress the
segregation of halogens in PeNCs."™ Encouraged by the
suppression of defects by ACPN, we further investigated the
impact of ACPN on phase segregation by monitoring the PL
spectra stability (Figure S13) and electroluminescence (EL)
spectrum stability (discussed later in device part). Within 10
mins continuous laser soaking (373 nm, ~78 mWcm ), the
PL peak of C-PeNCs obviously shifted from 465 to 474 nm,
while only 1nm shift is observed in A-PeNCs film,
confirming the significant effect of ACPN on suppressing
phase segregation.

Furthermore, we investigate the exciton binding energy
(E.,) by measuring temperature-dependent PL from 80 K to
290 K (Figure 2g).”! The PL peak shifts with temperature,
which may be due to lattice thermal expansion with a
positive temperature coefficient resulting in the change of
the band gap.’** As the temperature increased, the PL
intensity monotonically decreased, indicating thermal
quenching related to non-radiative trapping at defect sites
after exciton dissociation. The introduction of ACPN
significantly mitigated this thermal quenching by passivating
defects. Meanwhile, the integrated PL intensity was fitted
using the Arrhenius equation: I(T)=I/[1+ Aexp(—E./
kyT)], where I(T) and I, are the PL intensities at temper-
atures T and 0K, respectively, A is the pre-exponential
coefficient, and kg is the Boltzmann constant. The extracted
E,, were 61.9 and 82.2 meV for C- and A-PeNCs, respec-
tively, indicating that the coordination of ACPN also
contributes to inhibiting exciton dissociation, which is
beneficial for achieving good luminescent properties.

Finally, we investigated the influence of pattern-matched
polymer ligands on the electrical properties and performance
of pure-blue PeLEDs. The space-charge limit current (SCLC)
method was applied to analyze both the trap density (N,)
and carrier transport characteristics by fabricating electron-
only devices (Figure S14).” By fitting the current density-
voltage curves of double-exponential form into three regions
of Ohmic (n=1), trap-filled limited (TFL, n>3), and Child
(n=2), the trap density was extracted as 5.93x10" for C-
PeNCs, 5.13x10" for B-PeNCs, 4.26x10"7 cm™ for A-PeNCs,
according to the following equation: Ny, =2¢,eVrp/eL?, where
& and ¢ (~28) are the vacuum and relative permittivity,
respectively. Vig is the trap-filled limit voltage. e is the
elementary charge. L is the thickness of PeNCs film.””
Subsequently, by substituting the current density (J) and
voltage (V) in the Child region into the Mott-Gurney law
equation: u =8 L*J/9¢,cV?, the mobility (i) was calculated to be
3.82x107, 5.16x1074, 5.51x107* cm?>V~'s™! based on C-, B-, A-
PeNCs, respectively.” These results indicate that the applica-
tion of short-chain alkanes effectively improved the charge
transport properties. Previous theoretical studies have indi-
cated that chlorine-containing perovskites are more prone to
forming deep-level defects, which act as non-radiative recombi-
nation centers and severely affect the PLQY.®**I To further
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verify the passivation effect of ACPN on deep-level defects,
trap density of states (tDOS) was measured in devices
fabricated based on C- and A-PeNCs.” The tDOS (NT) is
derived from the angular frequency-dependent capacitance
with the equation: NT =- (V,;//qW)x(dC/dw)x(w/ksT), where C
is the capacitance, ® is the angular frequency, q is the
elementary charge, kg is the Boltzmann constant, T is the
temperature, V,; is the built-in potential, and W is the
depletion width, respectively. As shown in Figure S15, the
defect density of A-PeNCs is significantly lower than that of C-
PeNCs within entire energy ranges, especially for energy above
0.4 eV, suggesting the incorporation of ACPN effective
passivates the deep-level defects.

The pure-blue PeLEDs with optimized p-i-n structure
were fabricated utilizing as-synthesized PeNCs as electro-
luminescent active layer. The upper panel of Figure 3a
presents the energy level alignment, which consisted of
indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)/ poly-TPD/ poly(9-
vinylcarbazole) (PVK)/PeNCs/tris-(1-phenyl-1H-benzimida-
zole) (TPBi)/ LiF/ Al from bottom to top. The bottom panel
of Figure 3a shows the typical cross-sectional scanning
electron microscope (SEM) image of PeLEDs. Figure 3b
depicts the current density-voltage-luminance (J-V-L)
curves, in which the devices incorporating polymer ligands
with short side-chain exhibited higher brightness and a
slightly improved current. Specifically, the turn-on voltage
decreased from ~3.7 V in C-PeLEDs to 3.3 and 3.0 V in B-
and A-PeLEDs, respectively. More importantly, the cham-
pion EQE significantly increased from 1.1 % in C-PeLEDs
to 3.3 % in B-PeLEDs and 9.1 % in A-PeLEDs (Figure 3c).
The statistical EQE of 30 devices was summarized in
Figure S16. These significant enhancements of PeLEDs
performance were attributed to the effective passivation of
PeNCs defects and improved charge transport properties,
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Figure 3. (a) The energy band alignment diagram and cross-sectional
SEM image of PeLEDs. (b) J—V—L curves and (c) EQE curves as a
function of current density. (d) EL spectra at different current densities.
(e) EL spectra of C- and A-PeLEDs working at 0 and 20 minutes. (f) Ty,
of C- and A-PeLEDs. (g) Summarization of the reported EQE of pure-
blue (460—470 nm) PeLEDs based on mixed-halide perovskite nano-
crystal with weak quantum confinement as a function of Tg,.
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facilitated by polymer ligands with short side chains that
possess pattern-matching characteristics.™

For mixed-halide PeLEDs, the spectral and operational
stability of the devices are profoundly affected by the electri-
cally driven phase segregation during prolonged operation.*
Figure 3d illustrates the evolution of EL spectra of PeLEDs
with increasing current density. Notably, a distinct red shift of
the EL peak position was observed in C-PeLEDs when the
current density reached 50 mA cm 2, while the emission peak
of A-PeLEDs remained largely unchanged. Furthermore, we
investigated the stability of the devices under continuous
operation at a typical luminance of 100 cdem 2 Figure 3e
presents the EL spectra at 0 and 20 minutes during continuous
operation, and Figure S17 further shows the evolution of EL
peak position over time. Encouragingly, a significant red shift
of 16 nm was observed in C-PeLEDs, while A-PeLEDs
showed only a negligible shift of 3 nm from pure-blue emission
at 467 nm. At 0 mins, all PeLEDs emitted pure-blue light with
corresponding CIE coordinates of (0.131, 0.071) as shown in
Figure S18, that are close to the Rec. 2100 standard of (0.131,
0.046).%1 After continuous operation for 20 mins, a significant
shift of CIE coordinates to (0.096, 0.185) was observed in C-
PeLEDs, while the ACPN ligands effectively maintained the
stability of the coordinates. Consistent with the spectral
stability, the T5, as presents in Figure 3f, which represents the
time required for the initial EL intensity to decrease by half,*"!
was dramatically increased from ~11 mins in C-PeLEDs to ~80
mins for A-PeLEDs. Figure3g and Table S1 present a
summary of the reported EQE and Ty, values for pure blue
(460470 nm) PeLEDs based on mixed-halide PeNCs with
weak quantum confinement, highlighting the advantages of
pattern-matched polymer ligands in enhancing performance
and operational lifetimes through their excellent passivation
effeCt.[ZSd‘%b‘ 37]

Conclusion

In summary, we have investigated the modulation of the
spacing or density of functional groups in polymer ligands to
match CsPbBr,Cl;, PeNCs for enhancing the performance
and stability of pure-blue PeLEDs. Two polymers (BCP and
ACP) with similar functional groups were selected as the
matrices to synthesize suitable polymer ligands by grafting
short-chain alkanes for direct addition to the PeNCs syn-
thesis. Our theoretical and experimental results show that
ACPN match with PeNCs well and effectively passivated
PeNCs, even though BCPN has a higher functional groups
density. The PL characteristics revealed that ACPN was
most effective in suppressing nonradiative recombination
and laser-induced phase segregation. Further exciton dy-
namics studies revealed that ACPN effectively suppressed
defects and increased exciton binding energy. Furthermore,
the optimized short alkyl chains improved charge transport
properties, resulting in higher mobility and lower turn-on
voltage of PeLEDs, while maintaining long-term stable
dispersion of PeNCs. Finally, PeLEDs achieve high EQE
(9.1%) with CIE coordinates (0.131, 0.071) that meet the
Rec. 2100 standard. Particularly, the introduction of ACPN
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significantly improved the spectral and operational stability
of PeLEDs, achieving a recorded 75, of up to 80 minutes.
Overall, this study demonstrated that pattern-matched
polymer ligands effectively suppressed phase separation and
improved the spectral and operational stability of pure-blue
PeLEDs contributing for the development of perovskite-
based optoelectronic devices.

Acknowledgements

This work is supported by University Grant Council of the
University of Hong Kong Grants (Grant# 202111159113,
2302101786 and Large Equipment Fund 2022-23). General
Research Fund (Grant# 17211220, 7200021 and 17200823)
and Collaborative Research Fund (Grant No. C7035-20G).
from the Research Grants Council (RGC), as well as
Innovation and Technology Fund from Innovation and
Technology Commission (Grant No. ITS/277121FP) of
Hong Kong Special Administrative Region, China.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Perovskite nanocrystals - polymer ligands -
pattern-matching - spectrum and operational stability -
pure-blue light-emitting diodes

[1] a) Y. Hassan, J. H. Park, M. L. Crawford, A. Sadhanala, J. Lee,
J. C. Sadighian, E. Mosconi, R. Shivanna, E. Radicchi, M.
Jeong, Nature 2021, 591, 72-77; b) Y.-H. Kim, S. Kim, A.
Kakekhani, J. Park, J. Park, Y.-H. Lee, H. Xu, S. Nagane,
R. B. Wexler, D.-H. Kim, Nat. Photonics 2021, 15, 148-155;
¢) B. R. Sutherland, E. H. Sargent, Nat. Photonics 2016, 10,
295-302; d) L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F.
Krieg, R. Caputo, C. H. Hendon, R. X. Yang, A. Walsh, M. V.
Kovalenko, Nano Lett. 2015, 15, 3692-3696.

[2] Y. Zou, Z. Yuan, S. Bai, F. Gao, B. Sun, Mater. Today Nano
2019, 5, 100028.

[3] Y. Shen, K. C. Shen, Y. Q. Li, M. Guo, J. Wang, Y. Ye, F. M.
Xie, H. Ren, X. Gao, F. Song, Adv. Funct. Mater. 2021, 31,
2006736.

[4] T. Chiba, Y. Hayashi, H. Ebe, K. Hoshi, J. Sato, S. Sato, Y.-J.
Pu, S. Ohisa, J. Kido, Nat. Photonics 2018, 12, 681-687.

[5] Y. Jiang, C. Sun, J. Xu, S. Li, M. Cui, X. Fu, Y. Liu, Y. Liu, H.
Wan, K. Wei, Nature 2022, 612, 679-684.

[6] H. Li, H. Lin, D. Ouyang, C. Yao, C. Li, J. Sun, Y. Song, Y.
Wang, Y. Yan, Y. Wang, Adv. Mater. 2021, 33, 2008820.

[7]1 S. Hou, Y. Guo, Y. Tang, Q. Quan, ACS Appl. Mater.
Interfaces 2017, 9, 18417-18422.

[8] a) V. K. Ravi, G. B. Markad, A. Nag, ACS Energy Lett. 2016,
1, 665-671; b) J. Ye, M. M. Byranvand, C. O. Martinez, R. L.

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB917 SUOLILLOD aAIeRID 9|qedl|dde ay) Ag peusenob ae sajoie VO ‘8sn Jo Sajni Joj Akeiqiauljuo 8|1/ UO (SUONIPUOI-PUe-SLULB)/WOD A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue SWe | 8y 8eS [yZ0z/TT/CT] uo Ariqiauljuo A8 ‘Buoy BuoH Jo AisieAiun Ag 92780202 91Ue/z00T OT/I0p/Wi0d A8 1M Alelq Ul uo//SANy Woiy pepeo|umod ‘SE ‘vZ02 ‘€LLETZST


https://doi.org/10.1038/s41586-021-03217-8
https://doi.org/10.1038/s41566-020-00732-4
https://doi.org/10.1038/nphoton.2016.62
https://doi.org/10.1038/nphoton.2016.62
https://doi.org/10.1021/nl5048779
https://doi.org/10.1016/j.mtnano.2019.100028
https://doi.org/10.1016/j.mtnano.2019.100028
https://doi.org/10.1038/s41566-018-0260-y
https://doi.org/10.1038/s41586-022-05486-3
https://doi.org/10.1021/acsami.7b03445
https://doi.org/10.1021/acsami.7b03445
https://doi.org/10.1021/acsenergylett.6b00337
https://doi.org/10.1021/acsenergylett.6b00337

GDCh
=

Hoye, M. Saliba, L. Polavarapu, Angew. Chem. 2021, 133,
21804-21828.

[9] J. Qin, Y. Chen, X. Guo, H. Yang, Y. Qin, C. Yao, B. Lv, Y.
Bai, Y. Zhan, Adv. Opt. Mater. 2023, 2202809.

[10] a) G. Jiang, C. Guhrenz, A. Kirch, L. Sonntag, C. Bauer, X.
Fan, J. Wang, S. Reineke, N. Gaponik, A. Eychmiiller, ACS
Nano 2019, 13, 10386-10396; b) S. Wang, L. Du, Z. Jin, Y. Xin,
H. Mattoussi, J. Am. Chem. Soc. 2020, 142, 12669-12680.

[11] Q. A. Akkerman, T. P. Nguyen, S. C. Boehme, F. Montanar-
ella, D. N. Dirin, P. Wechsler, F. Beiglbock, G. Raino, R. Erni,
C. Katan, Science 2022, 377, 1406-1412.

[12] R. Jinnouchi, J. Lahnsteiner, F. Karsai, G. Kresse, M. Bokdam,
Phys. Rev. Lett. 2019, 122, 225701.

[13] a)J. John, J. Tang, Z. Yang, M. Bhattacharya, J. Polym. Sci.
Part A 1997, 35, 1139-1148; b) E. Zhao, J. W. Lam, L. Meng,
Y. Hong, H. Deng, G. Bai, X. Huang, J. Hao, B.Z. Tang,
Macromolecules 2015, 48, 64-71; c¢) N. T. Khanarian, M. K.
Boushell, J. P. Spalazzi, N. Pleshko, A. L. Boskey, H. H. Lu, J.
Bone Miner. Res. 2014, 29, 2643-2652.

[14] A. Ahmed, H. Tajmir-Riahi, J. Inorg. Biochem. 1993, 50, 235-
243.

[15] A. A. Brown, P. Vashishtha, T.J. Hooper, Y.F. Ng, G. V.
Nutan, Y. Fang, D. Giovanni, J.N. Tey, L. Jiang, B.
Damodaran, Chem. Mater. 2021, 33, 2387-2397.

[16] A. Pan, B. He, X. Fan, Z. Liu, J. J. Urban, A. P. Alivisatos, L.
He, Y. Liu, ACS Nano 2016, 10, 7943-7954.

[17] a)J. Zhang, B. Cai, X. Zhou, F. Yuan, C. Yin, H. Wang, H.
Chen, X. Ji, X. Liang, C. Shen, Adv. Mater. 2023, 2303938;
b) E. T. Vickers, T. A. Graham, A. H. Chowdhury, B. Bahra-
mi, B. W. Dreskin, S. Lindley, S. B. Naghadeh, Q. Qiao, J. Z.
Zhang, ACS Energy Lett. 2018, 3, 2931-2939; ¢) Y. Wei, X.
Deng, Z. Xie, X. Cai, S. Liang, P. a. Ma, Z. Hou, Z. Cheng, J.
Lin, Adv. Funct. Mater. 2017, 27, 1703535; d) H. Song, J. Yang,
W.H. Jeong, J. Lee, T.H. Lee, J. W. Yoon, H. Lee, A.J.
Ramadan, R.D. Oliver, S.C. Cho, Adv. Mater. 2023, 35,
2209486.

[18] Y. Wang, M. 1. Dar, L. K. Ono, T. Zhang, M. Kan, Y. Li, L.
Zhang, X. Wang, Y. Yang, X. Gao, Science 2019, 365, 591-595.

[19] D. Meggiolaro, E. Mosconi, F. De Angelis, ACS Energy Lett.
2019, 4, 779-785.

[20] a) H. Chen, L. Fan, R. Zhang, C. Bao, H. Zhao, W. Xiang, W.
Liu, G. Niu, R. Guo, L. Zhang, Adv. Opt. Mater. 2020, 8,
1901390; b) 1. S. Zhidkov, D. W. Boukhvalov, A. F. Akbulatov,
L. A. Frolova, L.D. Finkelstein, A.I. Kukharenko, S.O.
Cholakh, C.-C. Chueh, P. A. Troshin, E. Z. Kurmaev, Nano
Energy 2021, 79, 105421.

[21] J. Li, S. Chen, G. Sheng, J. Hu, X. Tan, X. Wang, Chem. Eng.
J. 2011, 166, 551-558.

[22] N. Graf, E. Yegen, T. Gross, A. Lippitz, W. Weigel, S. Krakert,
A. Terfort, W. E. Unger, Surf. Sci. 2009, 603, 2849-2860.

[23] a) L. N. Quan, R. Quintero-Bermudez, O. Voznyy, G. Walters,
A. Jain, J.Z. Fan, X. Zheng, Z. Yang, E. H. Sargent, Adv.
Mater. 2017, 29, 1605945; b) S. K. Gautam, M. Kim, D.R.
Miquita, J. E. Bourée, B. Geffroy, O. Plantevin, Adv. Funct.
Mater. 2020, 30, 2002622; c) Z. Wu, Z. Liu, Z. Hu, Z. Hawash,
L. Qiu, Y. Jiang, L. K. Ono, Y. Qi, Adv. Mater. 2019, 31,
1804284.

[24] a) P. Vashishtha, J. E. Halpert, Chem. Mater. 2017, 29, 5965-
5973; b) H. Zhang, X. Fu, Y. Tang, H. Wang, C. Zhang, W. W.
Yu, X. Wang, Y. Zhang, M. Xiao, Nat. Commun. 2019, 10, 1-8.

[25] a)J. Xing, Y. Zhao, M. Askerka, L. N. Quan, X. Gong, W.
Zhao, J. Zhao, H. Tan, G. Long, L. Gao, Nat. Commun. 2018,
9, 3541; b) L. Zhang, Y. Jiang, Y. Feng, M. Cui, S. Li, X. Fu,
H. Y. Hsu, C. Qin, M. Yuan, Angew. Chem. Int. Ed. 2023, 62,
€202302184; ¢) S. Yuan, X. Zheng, W.-S. Shen, J. Liu, L.-S.
Cui, C. Zhang, Q.-S. Tian, J.-J. Wu, Y.-H. Zhou, X.-D. Wang,
ACS Energy Lett. 2022, 7, 1348-1354; d) S. T. Ochsenbein, F.

Angew. Chem. Int. Ed. 2024, 63, €202408726 (6 of 6)

Research Article

Angewandte

intemationaldition’y) Chemie

Krieg, Y. Shynkarenko, G. Raino, M. V. Kovalenko, ACS
Appl. Mater. Interfaces 2019, 11,21655-21660.

[26] H. C. Woo, J. W. Choi, J. Shin, S.-H. Chin, M. H. Ann, C.-L.
Lee, J. Phys. Chem. Lett. 2018, 9, 4066-4074.

[27] a) S. M. Lee, C.J. Moon, H. Lim, Y. Lee, M. Y. Choi, J. Bang,
J. Phys. Chem. C 2017, 121, 26054-26062; b) S. Meloni, G.
Palermo, N. Ashari-Astani, M. Gritzel, U. Rothlisberger, J.
Mater. Chem. A 2016, 4, 15997-16002; c¢) C. Yu, Z. Chen, J.J.
Wang, W. Pfenninger, N. Vockic, J. T. Kenney, K. Shum, J.
Appl. Phys. 2011, 110, d) R. Saran, A. Heuer-Jungemann,
A. G. Kanaras, R. J. Curry, Adv. Opt. Mater. 2017, 5, 1700231.

[28] J.S. Kim, J.-M. Heo, G.-S. Park, S.-J. Woo, C. Cho, H. J. Yun,
D.-H. Kim, J. Park, S.-C. Lee, S.-H. Park, Nature 2022, 611,
688-694.

[29] a) Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, J.
Huang, Science 2015, 347, 967-970; b) S. Sun, P. Jia, Q. Huang,
M. Lu, P. Lu, F. Qin, G. Sun, Y. Gao, X. Bai, Z. Wu, Mater.
Today Phys. 2022, 28, 100899; c) H. Shen, Q. Gao, Y. Zhang,
Y. Lin, Q. Lin, Z. Li, L. Chen, Z. Zeng, X. Li, Y. Jia, Nat.
Photonics 2019, 13, 192-197.

[30] M.I. Saidaminov, A.L. Abdelhady, B. Murali, E. Alarousu,
V.M. Burlakov, W. Peng, I. Dursun, L. Wang, Y. He, G.
Maculan, Nat. Commun. 2015, 6, 7586.

[31] a) D.P. Nenon, K. Pressler, J. Kang, B. A. Koscher, J. H.
Olshansky, W.T. Osowiecki, M. A. Koc, L.-W. Wang, A.P.
Alivisatos, J. Am. Chem. Soc. 2018, 140, 17760-17772; b) W. Li,
M. U. Rothmann, Y. Zhu, W. Chen, C. Yang, Y. Yuan, Y. Y.
Choo, X. Wen, Y.-B. Cheng, U. Bach, Nat. Energy 2021, 6,
624-632.

[32] a) X. Zheng, B. Chen, J. Dai, Y. Fang, Y. Bai, Y. Lin, H. Wei,
X. C. Zeng, J. Huang, Nat. Energy 2017, 2, 1-9; b) Z. Ren, J.
Sun, J. Yu, X. Xiao, Z. Wang, R. Zhang, K. Wang, R. Chen, Y.
Chen, W. C. Choy, Nano-Micro Lett. 2022, 14, 66.

[33] a) S. Pradhan, F. Di Stasio, Y. Bi, S. Gupta, S. Christodoulou,
A. Stavrinadis, G. Konstantatos, Nat. Nanotechnol. 2019, 14,
72-79; b) J. Pan, Y. Shang, J. Yin, M. De Bastiani, W. Peng, 1.
Dursun, L. Sinatra, A.M. El-Zohry, M. N. Hedhili, A.-H.
Emwas, J. Am. Chem. Soc. 2017, 140, 562-565.

[34] a) M. Karlsson, Z. Yi, S. Reichert, X. Luo, W. Lin, Z. Zhang,
C. Bao, R. Zhang, S. Bai, G. Zheng, Nat. Commun. 2021, 12,
1-10; b) X. Zheng, S. Yuan, J. Liu, J. Yin, F. Yuan, W.-S. Shen,
K. Yao, M. Wei, C. Zhou, K. Song, ACS Energy Lett. 2020, 5,
793-798.

[35] F.P. Garciade Arquer, D.V. Talapin, V.I. Klimov, Y.
Arakawa, M. Bayer, E.H. Sargent, Science 2021, 373,
caaz8541.

[36] H. Cho, Y. H. Kim, C. Wolf, H. D. Lee, T. W. Lee, Adv. Mater.
2018, 30, 1704587.

[37] a) Y. Tong, X. Bi, S. Xu, H. Min, L. Cheng, Z. Kuang, L.
Yuan, F. Zhou, Y. Chu, L. Xu, Adv. Mater. 2023, 35, 2207111,
b) M. K. Gangishetty, S. Hou, Q. Quan, D. N. Congreve, Adv.
Mater. 2018, 30, 1706226; c) E. P. Yao, Z. Yang, L. Meng, P.
Sun, S. Dong, Y. Yang, Y. Yang, Adv. Mater. 2017, 29,
1606859; d)S. Hou, M.K. Gangishetty, Q. Quan, D.N.
Congreve, Joule 2018, 2, 2421-2433; ¢) B.-B. Zhang, S. Yuan,
J.-P. Ma, Y. Zhou, J. Hou, X. Chen, W. Zheng, H. Shen, X.-C.
Wang, B. Sun, J. Am. Chem. Soc. 2019, 141, 15423-15432; f) F.
Ye, H. Zhang, P. Wang, J. Cai, L. Wang, D. Liu, T. Wang,
Chem. Mater. 2020, 32, 3211-3218; g) H. Shao, Y. Zhai, X. Wu,
W. Xu, L. Xu, B. Dong, X. Bai, H. Cui, H. Song, Nanoscale
2020, 72, 11728-11734; h) S. Sun, M. Lu, Y. Zhong, P. Lu, F.
Qin, Y. Gao, X. Bai, Z. Wu, Y. Zhang, ACS Energy Lett. 2022,
7,3974-3981.

Manuscript received: May 8, 2024
Accepted manuscript online: May 28, 2024
Version of record online: July 19, 2024

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB917 SUOLILLOD aAIeRID 9|qedl|dde ay) Ag peusenob ae sajoie VO ‘8sn Jo Sajni Joj Akeiqiauljuo 8|1/ UO (SUONIPUOI-PUe-SLULB)/WOD A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue SWe | 8y 8eS [yZ0z/TT/CT] uo Ariqiauljuo A8 ‘Buoy BuoH Jo AisieAiun Ag 92780202 91Ue/z00T OT/I0p/Wi0d A8 1M Alelq Ul uo//SANy Woiy pepeo|umod ‘SE ‘vZ02 ‘€LLETZST


https://doi.org/10.1002/ange.202102360
https://doi.org/10.1002/ange.202102360
https://doi.org/10.1021/acsnano.9b04179
https://doi.org/10.1021/acsnano.9b04179
https://doi.org/10.1021/jacs.0c03682
https://doi.org/10.1126/science.abq3616
https://doi.org/10.1002/(SICI)1099-0518(19970430)35:6%3C1139::AID-POLA17%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1099-0518(19970430)35:6%3C1139::AID-POLA17%3E3.0.CO;2-7
https://doi.org/10.1021/ma502160w
https://doi.org/10.1002/jbmr.2284
https://doi.org/10.1002/jbmr.2284
https://doi.org/10.1016/0162-0134(93)80050-J
https://doi.org/10.1016/0162-0134(93)80050-J
https://doi.org/10.1021/acs.chemmater.0c04569
https://doi.org/10.1021/acsnano.6b03863
https://doi.org/10.1021/acsenergylett.8b01754
https://doi.org/10.1126/science.aav8680
https://doi.org/10.1021/acsenergylett.9b00247
https://doi.org/10.1021/acsenergylett.9b00247
https://doi.org/10.1016/j.nanoen.2020.105421
https://doi.org/10.1016/j.nanoen.2020.105421
https://doi.org/10.1016/j.cej.2010.11.018
https://doi.org/10.1016/j.cej.2010.11.018
https://doi.org/10.1016/j.susc.2009.07.029
https://doi.org/10.1021/acs.chemmater.7b01609
https://doi.org/10.1021/acs.chemmater.7b01609
https://doi.org/10.1021/acsenergylett.2c00465
https://doi.org/10.1021/acsami.9b02472
https://doi.org/10.1021/acsami.9b02472
https://doi.org/10.1021/acs.jpclett.8b01593
https://doi.org/10.1021/acs.jpcc.7b06301
https://doi.org/10.1039/C6TA04949D
https://doi.org/10.1039/C6TA04949D
https://doi.org/10.1038/s41586-022-05304-w
https://doi.org/10.1038/s41586-022-05304-w
https://doi.org/10.1126/science.aaa5760
https://doi.org/10.1016/j.mtphys.2022.100899
https://doi.org/10.1016/j.mtphys.2022.100899
https://doi.org/10.1038/s41566-019-0364-z
https://doi.org/10.1038/s41566-019-0364-z
https://doi.org/10.1021/jacs.8b11035
https://doi.org/10.1038/s41560-021-00830-9
https://doi.org/10.1038/s41560-021-00830-9
https://doi.org/10.1038/s41565-018-0312-y
https://doi.org/10.1038/s41565-018-0312-y
https://doi.org/10.1021/acsenergylett.0c00057
https://doi.org/10.1021/acsenergylett.0c00057
https://doi.org/10.1016/j.joule.2018.08.005
https://doi.org/10.1021/jacs.9b08140
https://doi.org/10.1021/acs.chemmater.0c00312
https://doi.org/10.1039/D0NR02597F
https://doi.org/10.1039/D0NR02597F
https://doi.org/10.1021/acsenergylett.2c01783
https://doi.org/10.1021/acsenergylett.2c01783

	Pattern-Matched Polymer Ligands Toward Near-Perfect Synergistic Passivation for High-Performance and Stable Br/Cl Mixed Perovskite Light-Emitting Diodes
	Introduction
	Results and Discussion
	Conclusion
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


