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ly polarized luminescence by
optimizing off-centering octahedral distortion in
zero-dimensional hybrid indium-antimony halides†

Yulian Liu, Yi Wei, Zhishan Luo, Bin Xu, Meiying He, Peibin Hong, Chen Li
and Zewei Quan *

Chiral zero-dimensional hybrid metal halides (0D HMHs) are being extensively studied as they can directly

generate circularly polarized luminescence (CPL) with high photoluminescence quantum yields (PLQYs),

yet improving their luminescence dissymmetry factor (glum) remains a challenge. This study proposes

a general strategy to boost the glum value of chiral 0D HMHs by optimizing the off-centering distortion

ðDÞ of inorganic octahedra. Accordingly, (R/S-MBA)2(2MA)In0.95Sb0.05Cl6 (MBA = a-

methylbenzylammonium, 2MA = dimethylamine) and (R/S-MBA)2(3MA)In0.95Sb0.05Cl6 (3MA =

trimethylamine) with near-unity PLQYs are accordingly synthesized. With increasing the D from 0.012 to

0.020, the jglumj is accordingly increased from 7.8 × 10−3 to 2.0 × 10−2. Notably, the jglumj can be

further boosted to an impressive value of 3.8 × 10−2 while maintaining near-unity PLQYs by

continuously increasing the D. Experimental results reveal that the choice of achiral ligands and varied

Sb3+ dopant concentrations can modulate the distribution and strength of hydrogen bonds around

indium-antimony halogen octahedra, respectively, thus regulating the D parameter of octahedra in 0D

hybrid metal halides. Additionally, light-emitting diodes with a polarization of 1.6% are fabricated. This

work sheds light on the relationship between the distortion of inorganic octahedra and the glum value.
Introduction

Circularly polarized luminescence (CPL) has attracted tremen-
dous research interest due to its potential applications in a wide
variety of elds such as three-dimensional displays, quantum
computing and optical information storage.1–6 Novel and effi-
cient devices to generate and detect CPL are thus of great
importance. In conventional polarized emitters, additional
optical elements such as a linear polarizer and a quarter wave-
plate are included to obtain polarization control. Although
efficient polarization control is realized, it hinders their mini-
aturization and applicability in integration circuits. In this
aspect, chiral hybrid metal halides (HMHs) that combine
tunable chirality of organic ligands with excellent optical
properties of inorganic units can be used to directly detect and
generate circularly polarized light. Since the rst report of chiral
HMHs, signicant progress has been made, and a series of
chiral HMHs with obvious CPL signals are successfully
synthesized.7–15 Both high photoluminescence quantum yield
(PLQY) and large luminescence dissymmetry factor (glum) values
anced Interdisciplinary Studies, Southern
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15488
are essential to technical applications of CPL-active materials.
However, it is still challenging to achieve chiral HMHs with
simultaneously high PLQYs and large glum values.16

Particularly, zero-dimensional (0D) HMHs, in which inor-
ganic polyhedra are fully separated by organic ligands, usually
exhibit tunable emissions with high PLQYs.17–19 Typically,
alloying at the In–Sb site is a common strategy to increase the
PLQYs of 0D HMHs and also provides a means to modulate the
distortion of metal halogen octahedra, thereby improving the
glum values. Besides, low-dimensional chiral HMHs should
exhibit a higher degree of chirality as a result of strong inter-
molecular interactions induced by the greater percentage of
chiral ligands.20 Chiral 0D HMHs are thus expected to be a class
of high performance CPL-active materials with both high PLQYs
and large glum values. It has been recently demonstrated that
high PLQYs can be readily achieved in chiral 0D HMHs.21–25

Nevertheless, the glum values of reported chiral 0D HMHs are
relatively low, most of which are in the magnitude of 10−3.14,23,26

Signicant effort has been devoted to enhancing the glum values
of chiral HMHs and understanding the chirality induction
mechanism.27–30 It is found that the asymmetric hydrogen
bonds between organic ligands and inorganic frameworks in
two-dimensional (2D) HMHs can enhance their glum values.31,32

Moreover, the chiroptical activity of chiral 2D hybrid perovskites
is revealed to originate from the symmetry-breaking helical
distortion of the inorganic lattice induced by the asymmetric
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc04399e&domain=pdf&date_stamp=2024-09-21
http://orcid.org/0009-0007-6486-689X
http://orcid.org/0000-0002-7965-997X
http://orcid.org/0000-0003-1998-5527
https://doi.org/10.1039/d4sc04399e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04399e
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC015037


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 1
0:

04
:2

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hydrogen bonding interactions with the inorganic lattice.33,34

Similar phenomena are recently reported in chiral 0D HMHs.
The chiroptical activity of chiral 0D lead-tin bromide hybrids is
attributed to the asymmetric polyhedra induced by hydrogen
bonds.22 By modulating the hydrogen bonding interactions
between organic ligands and inorganic units, enhanced CPL
performance with large glum values of ±1.0 × 10−2 and near-
unity PLQY is achieved in a series of chiral indium-antimony
hybrids.25 Right now, the glum values of chiral 0D HMHs need
to be further improved to meet the practical applications of
chiral HMHs as chiroptical devices.10

In this work, the glum values of chiral 0D HMHs are signi-
cantly improved based on a general strategy, that is, optimizing
the off-centering distortion of inorganic octahedra by modu-
lating the strength and distribution of hydrogen bonds around
indium-antimony halogen octahedra therein. Five pairs of
enantiomorphic (R/S-MBA)2(2MA)In0.95Sb0.05Cl6 (R/S-1) (MBA =

a-methylbenzylammonium, 2MA = dimethylamine) and (R/S-
MBA)2(3MA)In0.95Sb0.05Cl6 (R/S-2) (3MA = trimethylamine), (R/
S-MBA)2(3MA)In0.79Sb0.21Cl6 (R/S-2A), (R/S-MBA)2(3MA)In0.72-
Sb0.28Cl6 (R/S–2B) and (R/S-MBA)2(3MA)In0.59Sb0.41Cl6 (R/S-2C)
are synthesized, and all of them exhibit near-unity PLQYs. With
adopting different achiral ligands and modifying Sb3+ dopant
concentrations, the off-centering distortion of inorganic octa-
hedra is continuously increased from 0.012 to 0.047 and the
jgabsj/jglumj is increased from 0.16 × 10−3/7.8 × 10−3 to 1.25 ×

10−3/3.8× 10−2, indicating the crucial role of large off-centering
distortion in achieving a high jgabsj/jglumj value. Moreover, the
highest glum value of±3.8× 10−2 and near-unity PLQY in R/S-2C
outperform those of currently reported chiral HMHs. Combined
crystal structure and photophysical studies demonstrate that
the distribution and strength of hydrogen bonds can be deli-
cately modied to increase the off-centering distortions of
inorganic octahedra. With R-2C as the phosphor, light-emitting
diodes with a polarization of 1.6% at room temperature are
fabricated, demonstrating their potential as CPL light sources
in three-dimensional displays and quantum computing.

Results and discussion

In this work, common chiral R/S-methylbenzylamine (R/S-MBA)
ligands are selected as chiral inducers.20,35 Achiral ligands with
different sizes and steric hindrance including dimethylamine
hydrochloride (2MACl) and trimethylamine hydrochloride
(3MACl) are integrated into chiral HMHs to modulate the
hydrogen bonds with inorganic octahedra. (R/S-MBA)2(2MA)
In0.95Sb0.05Cl6 (R/S-1) are synthesized by cooling the aqueous
HCl solution of stoichiometric amounts of R/S-MBA, 2MACl,
InCl3 and SbCl3. (R/S-MBA)2(3MA)In0.95Sb0.05Cl6 (R/S-2) are ob-
tained through a similar procedure to R/S-1, except that the
achiral ligands are replaced with 3MACl. The synthetic details
are provided in the ESI.† The crystal structures of each chiral
HMH incorporated with different achiral ligands are deter-
mined by single crystal X-ray diffraction (SCXRD). The phase
purity of all compounds is examined by powder X-ray diffraction
(PXRD) characterization (Fig. S1†). The actual concentration of
the Sb3+ dopant is determined by inductively coupled plasma
© 2024 The Author(s). Published by the Royal Society of Chemistry
mass spectrometry (ICP-MS), and the results reveal that the
actual molar ratio of Sb/In of all compounds is 0.05/0.95 (Table
S1†). For convenience, the R-conguration is selected as the
representative of each pair of compounds, as the structures of R-
and S- enantiomers are identical. As shown in Fig. 1a and b, R-1
and R-2 show typical 0D structural features, where anionic [In/
SbCl6]

3− octahedra are fully separated by organic
ligands.17,18,36,37 Both R-1 and R-2 crystallize in the Sohncke
space group of C2 (Table S2†). The R-MBA and achiral ligands in
both R-1 and R-2 are arranged around each [In/SbCl6]

3− octa-
hedron in a 4 : 2 manner, with the planes of the benzene ring of
R-MBA being parallel to the c-axis, and the planes of C–N–C
(2MA) and C–C–C (3MA) being perpendicular to the c-axis. The
arrangement and molar ratio of organic ligands around inor-
ganic octahedra can also be clearly seen from the a-axis
(Fig. S2†).

Despite the congruence in the space group, crystal structure,
and the molar ratios of chiral and achiral ligands between
compounds R-1 and R-2, a signicant disparity emerges in the
distribution and strength of hydrogen bonds between organic
ligands and inorganic octahedra. These deviations originate
from the use of different achiral ligands in R-1 and R-2. As
shown in Fig. 1c and d, the H/Cl distances between organic
ligands and inorganic octahedra are measured to be 2.47–2.78 Å
for R-1 and 2.14–2.41 Å for R-2, respectively, indicating the
stronger hydrogen bonds in R-2. Moreover, the N–H/Cl angles
are closer to 180° in R-2, further indicating stronger hydrogen
bonds (Fig. S3†).38 To clearly visualize the hydrogen bond
distribution around the inorganic octahedron, the hydrogen
bonds along three different axes are represented by colored
arrows. As shown in Fig. 1e, all the strong and weak hydrogen
bonds between organic ligands and inorganic octahedra in R-1
are aligned in the equatorial Cl–In/Sb–Cl plane, designated as
type I. Consequently, the In/Sb–Cl bonds in these two axes are
simultaneously elongated, with the bond lengths of 2.57 and
2.54 Å, respectively. The In/Sb–Cl bonds in the vertical axis
without hydrogen bonding interactions have relatively shorter
lengths of 2.47 Å. In contrast, the hydrogen bonds in R-2 are
present in a distinct distribution, denoted as type II (Fig. 1f).
The presence of only one strong hydrogen bond in the two axes
in the equatorial Cl–In/Sb–Cl plane (indicated by red arrows)
results in the elongation of these two In/Sb–Cl bonds, with the
bond lengths of 2.53 and 2.49 Å, respectively. Conversely, the
weak hydrogen bonds (denoted by blue arrows) in the vertical
axis yield the In/Sb–Cl bond lengths of 2.55 Å. Overall, the
distinct distribution and strength of hydrogen bonds lead to
varied octahedral distortions. Based on the rened crystal
structures, the distortions of inorganic octahedra are quanti-
tatively assessed by adopting an off-centering distortion index
ðDÞ to evaluate their dissymmetry (eqn (1)):39

D ¼
X3

i¼1

jai � bij
ai þ bi

(1)

where ai and bi refer to the short and long In/Sb–Cl bond
lengths along one axis, respectively. The D values of R-1 and R-2
are estimated to be 0.012 and 0.020, respectively, which are
Chem. Sci., 2024, 15, 15480–15488 | 15481
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Fig. 1 (a and b) Schematic crystal structures of R-1 and R-2, respectively. Hydrogen atoms are omitted for clarity. (c and d) Schematic structures
of the hydrogen bonds between inorganic [In/SbCl6]

3− octahedra and organic ligands in R-1 and R-2, respectively. The hydrogen bonds between
organic ligands and inorganic octahedra are highlighted in dotted lines. (e and f) Hydrogen bond distribution in R-1 and R-2, respectively.
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primarily determined by the distribution type of hydrogen
bonds formed with the octahedra. The larger D value of the
octahedron can be attained when the distribution of hydrogen
bonds is asymmetrical, like type II.

To examine the effect of the D parameter on chiroptical
properties, a series of photophysical characterization studies
were conducted. As shown in Fig. 2a, R-1 and R-2 exhibit
obvious absorptions in the 270–405 nm range, which are
different from the absorption spectra of (R-MBA)2(2MA)InCl6
and (R-MBA)2(3MA)InCl6 in the 270–290 nm range (Fig. S4†).
These differences indicate that these absorptions in R-1 and R-2
originate from the optically active antimony halogen octahedra.
Under 325 nm excitation, the PL emission spectra of R-1 and R-2
exhibit broad emissions peaked at 600 and 590 nm, respectively
(Fig. 2b). The PL excitation (PLE) spectra are located in the range
of 270–405 nm, consistent with their corresponding absorption
spectra (Fig. S5a†). The remarkable near-unity PLQYs are
recorded for R-1 and R-2. To reveal the origins of the broadband
emission, excitation-dependent, time-resolved and power-
dependent PL spectra are measured. The PL spectra obtained
at various excitation wavelengths exhibit identical proles,
conrming that the broad emissions originate from the same
excited states (Fig. S5b and c†). The PL lifetimes of R-1 and R-2
are measured to be 3.80 and 3.27 ms, respectively (Fig. S6†). The
microsecond PL lifetimes indicate that the emission arises from
inorganic modules, rather than from the organic ligands with
nanosecond PL lifetimes (Fig. S7†). The linear excitation power-
dependent PL intensities rule out the possibility of defect-
15482 | Chem. Sci., 2024, 15, 15480–15488
related emissions (Fig. S8†).40–42 Moreover, these PL spectra
and PL lifetimes are obviously different from their pristine
counterparts, which exhibit excitation-dependent PL spectra
and longer PL lifetimes (Fig. S9 and 10†). Therefore, these broad
emissions with high PLQYs are assigned to the Sb3+-related
emissions. Such high PLQYs benet from their intrinsic 0D
structure with isolated inorganic octahedra, which exhibit
strong quantum connement effects.36,43 These broadband and
large Stokes-shied PL characteristics of R-1 and R-2 are well
consistent with those of recently reported Sb-based HMHs.44–49

To shed light on the role of structural variations in inorganic
octahedra in determining chiroptical activities, solid-state
circular dichroism (CD) and CPL spectra of chiral HMHs are
measured and compared. As shown in Fig. 2c, the CD spectra of
chiral R/S-1 and R/S-2 exhibit obvious Cotton effects in the range
of 270–405 nm, which agree well with their corresponding
absorption spectra but differ from those of R/S-MBA, implying
that the observed CD signals originate from inorganic octa-
hedra.25 All R-congurations of chiral HMHs exhibit negative
peaks in the range of 270–405 nm regardless of the type of
achiral ligands. As the same amounts of samples are used for
CD characterization, R-1 exhibits a small jCDj value (6.57mdeg),
while R-2 reveals a signicantly enhanced jCDj signal (23.3
mdeg). To quantitatively assess this difference, the absorption
dissymmetry factor gabs is calculated using eqn (2):50

gabs ¼ CD

32 980� absorbance
(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optical properties of R-1 and R-2. (a) Normalized UV-Vis absorption spectra, (b) normalized PL emission spectra, (c) CD spectra and (d)
CPL spectra of R-1 and R-2.
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where the CD (in mdeg) and the absorbance can be obtained
from CD spectral measurement. The calculated gabs value is
thus independent of pellet thickness, sample concentration and
molecular weight. As shown in Fig. S11,† the local value of gabs is
signicantly enhanced from 1.6 × 10−4 (400 nm, R-1) to 3.9 ×

10−4 (400 nm, R-2), corresponding to a 2.4-fold improvement. As
CD spectra are associated with ground state properties, it is
reasonable to infer that the chiroptical activities of chiral HMHs
in the ground state can be enhanced by increasing the D
parameter of inorganic octahedra. At the same time, CPL
spectra reect the excited state properties of chiral systems. As
shown in Fig. 2d, both R/S-1 and R/S-2 enantiomers showmirror
symmetrical curves in their CPL spectra, which match well with
their corresponding PL spectra, suggesting that the CPL signals
originate from the inorganic octahedra. The CPL magnitude is
quantitively evaluated by the luminescence dissymmetry factor
glum = 2(IL − IR)/(IL + IR), where IL and IR represent the inten-
sities of le- and right-handed CPL, respectively.51 The glum
values calculated from these CPL spectra are 7.8 × 10−3 for R-1
and 2.0 × 10−2 for R-2, corresponding to a 2.6-fold enhance-
ment from R-1 to R-2 (Fig. S12†). Such CPL analyses reveal that
the excited state chirality of these HMHs can be also improved
with increasing the D parameter.

As previously demonstrated, chiroptical activities in HMHs
originate from inorganic modules due to the chirality induction
via N–H/Cl hydrogen bonds.22,31–33 To clearly reveal the rela-
tionship between the chiroptical performance and the distor-
tion of inorganic octahedra, detailed structural analyses of
inorganic octahedra in R-1 and R-2 are conducted. To quantify
the distortion of [In/SbCl6]

3− octahedra in R-1 and R-2, both
© 2024 The Author(s). Published by the Royal Society of Chemistry
bond length distortion and bond angle distortion are calcu-
lated.52,53 As shown in Table S3,† the bond length distortions of
R-1 and R-2 are calculated to be 2.76 × 10−4 and 1.1 × 10−4,
respectively, and the bond angle distortions of R-1 and R-2 are
3.73 and 1.27, respectively. It is clear that the extent of bond
length and bond angle distortion in these 0D HMHs varies
inversely with the values of jgabsj and jglumj, although the bond
angle distortion of the inorganic framework in 2D HMHs could
promote their chiroptical properties.32 As demonstrated above,
the values of jgabsj and jglumj increase with larger values of theD
parameter, suggesting that the augmentation in chiroptical
activity is correlated with the increased off-centering distortion
of inorganic octahedra. To support this claim, a series of control
experiments are carried out to elucidate the relationship
between the D parameter and the magnitudes of jgabsj
and jglumj.

With continuously increasing the Sb3+ concentration, three
pairs of enantiomorphic (R/S-MBA)2(3MA)In0.79Sb0.21Cl6 (R/S-
2A), (R/S-MBA)2(3MA)In0.72Sb0.28Cl6 (R/S-2B) and (R/S-
MBA)2(3MA)In0.59Sb0.41Cl6 (R/S-2C) are accordingly synthesized.
Structural and composition characterization studies demon-
strate their crystal structure, phase purity and actual Sb3+

dopant concentration (Fig. S13, 14, Tables S4 and 5†). The
lattice constants (b and c axes) and angles (a, b, g) remain nearly
constant with increasing Sb3+ dopant concentration due to the
similar ionic radii of In3+ (80 pm) and Sb3+ (76 pm) (Fig. S15†).
The a-axis length slightly increases due to the synergetic effect
of the similar ionic radii of In3+ and Sb3+ and decreased ionic
bond polarity aer the substitution of Sb3+.54 Similar to R-2, R-
2A, R-2B and R-2C show typical 0D structures with inorganic
Chem. Sci., 2024, 15, 15480–15488 | 15483
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octahedra fully isolated by organic ligands. The distribution of
hydrogen bonds (type II) in these compounds is independent of
Sb3+ dopant concentration (Fig. S13†), however, the strength of
hydrogen bonds changes with Sb3+ dopant content. Specically,
the strength of hydrogen bonds demonstrates a positive corre-
lation with the concentration of Sb3+ (Fig. S13†), as demon-
strated by the shorter distance between N atoms and Cl− ions
and increased N–H/Cl angles (Fig. S16 and Table S6†). Thus,
the In/Sb–Cl bonds involved in the formation of hydrogen
bonds are further elongated from 2.56 to 2.62 Å, as the Sb3+

dopant concentration increases (Fig. 3a). Simultaneously, the D
parameter changes and follows the trend of R-2A (2.4 × 10−2) <
R-2B (3.1 × 10−2) < R-2C (4.7 × 10−2), indicating that the D
parameter increases with increasing the Sb3+ dopant
concentration.

R-2A, R-2B and R-2C all show identical yellow emissions with
high PLQYs of near-unity (Fig. S17a†). Moreover, their micro-
second PL lifetimes, excitation-independent PL spectra and
linearly tted power-dependent data demonstrate that these
bright emissions originate from Sb3+, similar to R-2 (Fig. S17
and 18†). The CD spectra of these three chiral HMHs exhibit
obvious Cotton effects in the range of 270–450 nm (Fig. S19†).
The magnitude of jgabsj increases from 0.78 × 10−3 (at 400 nm,
R-2A) to 1.25 × 10−3 (at 400 nm, R-2C) corresponding to a 1.6-
fold enhancement, and follows the trend of R-2A < R-2B < R-2C
(Fig. 3b). Intriguingly, the CPL intensities of chiral HMHs are
enhanced with increasing Sb3+ concentration (Fig. S20†). The
jglumj values also show the trend of R-2A (2.2 × 10−2) < R-2B (3.0
× 10−2) < R-2C (3.8 × 10−2), which is in line with jgabsj (Fig. 3c).
By plotting the jgabsj and glum values and corresponding D
parameters of all chiral HMHs, it is found that the jgabsj and
Fig. 3 (a) Schematic of the [In1−xSbxCl]6
3− octahedra with continuously in

R/S-2A, R/S-2B and R/S-2C. (d) Plots of D parameter versus Sb3+ dopant
maximum jglumj values as a function of the D parameter.

15484 | Chem. Sci., 2024, 15, 15480–15488
glum values are positively proportional to the D parameter
(Fig. 3d and e). Moreover, the bond length and bond angle
distortion exhibit totally different variations compared to D
parameters (Fig. S21†). These results clearly demonstrate that
a large D parameter of inorganic octahedra in chiral HMHs is
crucial to enhancing the values of jgabsj and jglumj. Furthermore,
the glum value (+3.8 × 10−2) and PLQY (near-unity) of R-2C
exceed the CPL performances of currently reported chiral
HMHs (Table S8†).

Based on the above crystallographic and chiroptical spectra
studies, a plausible mechanism to enhance the values of jgabsj
and jglumj in 0D HMHs is proposed (Fig. 4):

(i) The coexistence of chiral R-MBA and achiral 2MA ligands
induces the formation of asymmetric hydrogen bonds between
organic ligands and inorganic octahedra [In/SbCl]6

3−. As strong
and weak hydrogen bonds are aligned along the same axis of
equatorial Cl–In/Sb–Cl with opposite directions (type I), inor-
ganic octahedra with small off-centering distortion can be
observed;

(ii) Substituting 2MA with the 3MA ligand that is a stronger
hydrogen bond acceptor and has a greater steric hindrance
results in the distribution of strong and weak hydrogen bonds
surrounding inorganic octahedra along two distinct axes of
equatorial Cl–In/Sb–Cl (type II). Compared with type I, the off-
centering distortion of inorganic octahedra in type II is obvi-
ously enhanced. Accordingly, the jgabsj and jglumj values of
chiral 0D HMHs in type II surpass those of type I, despite having
identical crystal structures, inorganic components, and PLQYs;

(iii) The off-centering distortion of inorganic octahedra in
type II can be further enhanced by increasing the Sb3+ dopant
concentration. The higher electronegativity of Sb3+ compared to
creasing the Sb3+ dopant concentration. gabs (b) and glum (c) spectra of
concentration. (e) Plots of calculated jgabsj values at 400 nm and local

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration of the stepwise chirality enhancement
mechanism of chiral HMHs.
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In3+ results in reduced distances between N atoms and Cl− ions,
thereby reinforcing the strong hydrogen bonds and amplifying
the asymmetric stretch of In/Sb–Cl bonds. Consequently, both
jgabsj and jglumj values increase with the increase of off-
centering distortion of inorganic octahedra.
Fig. 5 (a) CPL spectra of R/S-LEDs fabricated by encapsulating R/S-2C po
of the R/S-LED devices. The CPL characterization of the LED devices pow
LED at different driving currents (5–100 mA). Inset of (c): photographs o

© 2024 The Author(s). Published by the Royal Society of Chemistry
Such outstanding CPL performances make R/S-2C promising
candidates for CPL light sources. R/S-2C are therefore used as
the phosphors to emit CPL. R/S-light-emitting diodes (R/S-LEDs)
are fabricated by coating R/S-2C polycrystals onto 365 nm
ultraviolet GaN LED chips. The ultraviolet emission of the GaN
chip is turned on at 3.0 V, which excites the R/S-2C polycrystals
to generate CPL. CPL characterization studies of R/S-LEDs are
performed on a JASCO CPL-300 through inserting the fabricated
LED into the sample chamber and blocking the xenon lamp
light source. These R/S-LEDs exhibit bright yellow emissions,
and their CPL spectra show a mirror image prole (Fig. 5a). The
polarized degree (P) is used to evaluate the CPL performance of
R/S-LEDs, which is dened as

P ¼ IL � IR

IL þ IR
� 100%

where IL and IR are the intensities of le and right CPL,
respectively. It can be inferred that P = (glum/2) × 100%. The
glum values of R/S-LEDs are ±3.2 × 10−2, so the P values of R/S-
LEDs are calculated to be ±1.6% at 590 nm (Fig. 5b). To test the
color stability of the fabricated R/S-LEDs, electro-luminescence
(EL) spectra are collected at varied driving currents. As shown in
Fig. 5c, the EL spectra of the R-LED exhibit identical shapes at
different driving currents (5–100 mA). Besides, the chromaticity
coordinate (0.50, 0.46) of the R-LED remains nearly unchanged,
lycrystals onto a 365 nm ultraviolet GaN LED chip. (b) Polarized degree
ered by 3.0 V. (c) EL spectra and (d) chromaticity coordinates of the R-
f the fabricated LEDs under operation.
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suggesting the excellent color stability of the R-LED (Fig. 5d).
These results clearly demonstrate the feasibility of utilizing R/S-
2C for CPL light sources.

Conclusions

In summary, ve pairs of enantiomorphic R/S-1, R/S-2, R/S-2A,
R/S-2B and R/S-2C chiral 0D indium-antimony HMHs based on
achiral ligands 2MA and 3MA and different Sb3+ dopant
concentrations are prepared. Among these, R-2C exhibits the
largest jglumj value of 3.8 × 10−2, as well as high PLQY of near-
unity, outperforming currently reported chiral HMHs. Struc-
tural analyses and photophysical characterization studies reveal
that the large off-centering distortion of inorganic octahedra,
which is determined by the distribution and strength of
hydrogen bonds formed around inorganic octahedra, plays
critical roles in achieving higher gabs and glum values. Further-
more, R/S-LEDs with ±1.6% polarized degree are prepared,
providing a feasible strategy to fabricate an efficient UV-
pumped CPL light source. This work not only provides
a general strategy to improve gabs/glum values of chiral 0D
HMHs, but also sheds light on the relationship between the
structure of the inorganic unit and chiroptical activity.
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