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Chiral defect-induced blue photoluminescence
and circularly polarized luminescence of zero-
dimensional Cs4PbBr6 perovskite nanocrystals†

Jiaqi Zhao, Yuan Wang, Tinglei Wang and Yu Wang *

Chiral defect-induced strategy is employed to synthesize zero-dimensional (0D) chiral Cs4PbBr6 perovs-

kite nanocrystals (NCs) with blue photoluminescence via a phase transition process. The chirality of the

ground state of chiral Cs4PbBr6 perovskite NCs is confirmed by circular dichroism (CD) spectra, which

shows the characteristic mirrored CD signals, behaving as a pair of enantiomers. Meanwhile, the obvious

circularly polarized luminescence (CPL) response indicates that the chiral Cs4PbBr6 perovskite NCs are

endowed with the chirality of the excited state. Furthermore, the UV–vis spectroscopy and electron para-

magnetic resonance (EPR) data explicitly reveal that the CPL response originates from the chiral bromine

vacancy (VBr). This work not only provides guidance to realize the CPL of 0D chiral perovskites but also

gives insights into the structure–property relationship.

1. Introduction

Chiral perovskites have attracted considerable attention due to
their unique chiral and optoelectronic properties as well as
their tremendous application in circularly polarized lumine-
scence (CPL) photodetectors,1,2 circularly polarized light-emitting
diodes,3,4 nonlinear optics,5 chiral-induced spin selectivity
(CISS),4,6 and spintronics.7,8 In general, there have been three
strategies employed to obtain chiral perovskites: (1) chiral
organic molecules are inserted into the crystal lattice to obtain
one- or two-dimensional perovskites, which generally possess the
chirality of the ground state with a large circular dichroism (CD)
signal.9,10 (2) Chiral distortion can be realized by modifying the
surface of achiral perovskite nanocrystals (NCs) with chiral
molecules.11–14 (3) A high CPL response can be obtained by graft-
ing achiral perovskites onto chiral templates, such as spiral
silica,15,16 chiral gels,17 and polymers.18 Although chiral perovs-
kites show a strong CD signal, symmetry breaking generates an
indirect-bandgap character, which generally leads to the fact that
chiral perovskites cannot exhibit an obvious CPL response.19,20

Recently, some chiral perovskites with CPL properties have
been synthesized. For example, Ye et al. synthesized core–shell
structures by using a chiral perovskite ((R-/S-MBA)2PbBr4) as
the shell and achiral MAPbBr3 as the core, which exhibits

obvious CPL activity and the dissymmetry factor of lumine-
scence (glum) value is 4.0 × 10−3 at room temperature.4 Because
of the formation of heterojunctions, the chiral non-emission
layer can transfer chirality to the emission center, which
results in the chirality of the excited state.4,6,21 Helically
arranged CsPbBr3 NCs on silica nanohelices can generate CD
and CPL signals with a maximum glum dissymmetric factor up
to 6 × 10−3.16 This indicates that the helical arrangement of
achiral perovskite NCs can give rise to the chirality of the
ground state and excited state due to a dipole interaction
between these NCs.16,17 Perovskite NCs can also exhibit CPL
characteristics by attaching chiral ligands on their
surface.11–14,22 For example, Cao et al. attaches the chiral amino
acid ligands onto the surface of CsPbBr3 perovskite NCs. The
chiral imprint on the surface of the perovskite NCs originates
from the strong coordination.11 In addition, our previous work
found that defects in chiral perovskites can induce strong
photoluminescence and exhibit a strong CPL response.23 This
result indicates that defects in chiral perovskites can give rise to
strong photoluminescence and CPL because the chiral defects
improve the recombination rate of the exciton. Thus, can CPL
be realized by creating chiral defects in achiral perovskites?

In this work, zero-dimensional (0D) chiral Cs4PbBr6 NCs
were successfully prepared by using a chiral amine as the
inductive agent via a phase transition process. They show the
same X-ray diffraction (XRD) pattern as achiral Cs4PbBr6 NCs,
which indicates that they possess the same crystal structures.
Chiral Cs4PbBr6 NCs not only exhibit a strong CD signal but
also show an obvious CPL response. Therefore, chiral Cs4PbBr6
NCs are simultaneously endowed with the chirality of the
ground and excited states. The UV–vis spectra show the exist-

†Electronic supplementary information (ESI) available: NMR spectrum, FTIR
Characterization, TRPL Data and other details. See DOI: https://doi.org/10.1039/
d4qi01006j

State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of

Chemistry, Jilin University, 2699 Qianjin Street, Changchun 130012, China.

E-mail: wangyu@jlu.edu.cn

4424 | Inorg. Chem. Front., 2024, 11, 4424–4431 This journal is © the Partner Organisations 2024

Pu
bl

is
he

d 
on

 0
9 

Ju
ni

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
5.

02
.2

6 
03

:2
0:

03
. 

View Article Online
View Journal  | View Issue

http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0003-3381-5006
https://doi.org/10.1039/d4qi01006j
https://doi.org/10.1039/d4qi01006j
https://doi.org/10.1039/d4qi01006j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi01006j&domain=pdf&date_stamp=2024-07-05
https://doi.org/10.1039/d4qi01006j
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011014


ence of a chiral bromine vacancy (VBr) in Cs4PbBr6, which is
further confirmed by electron paramagnetic resonance (EPR)
results. In addition, no chiral VBr can be generated in the
achiral Cs4PbBr6, indicating that the chiral amine resulted in
the formation of chiral defects via phase transition. Chiral
defects play an important role in the CPL response and strong
PL. This work not only provides a new method for the syn-
thesis of chiral perovskites with CPL response but also
deepens our understanding of the structure–performance
correlation.

2. Experimental section
2.1. Materials

All the chemicals were obtained from commercial suppliers
and used without further purification. Lead bromide (PbBr2,
≥99.0%), octadecene (ODE, 90%), cesium carbonate (Cs2CO3,
99%), oleic acid (OAc, 85%), oleylamine (OAm, ∼80–90%),
hydrobromic acid (HBr, ACS, 48%), (S)-
(–)-α-methylbenzylamine (S-MBA, 99%, ee 98%), and (R)-
(+)-α-methylbenzylamine (R-MBA, 99%, ee 98%) were pur-
chased from Aladdin. Toluene (AR) was purchased from
Tianjin Yuanli Chemical Co., Ltd.

2.2 Synthesis and purification CsPbBr3 NCs
24

Cs precursors were prepared by adding 0.32 g Cs2CO3, 2 mL
OAc, and 32 mL ODE into a flask, drying for 30 min at 120 °C
under vacuum conditions, and then heating to 150 °C until
Cs2CO3 is completely dissolved. Then, 0.146 g PbBr2, 20 mL
ODE, 2 mL OAc, and 2 mL OAm were mixed into a flask and
dried for 20 min at room temperature under vacuum con-
ditions. The mixture was heated at 120 °C for 30 min, and
then the temperature was raised to 150 °C and maintained for
10 min. Subsequently, 4 mL Cs precursor was rapidly injected.
After injection for 15 s, the reaction was stopped by cooling in
an ice-water bath. The crude solution was centrifuged at
11 000 rpm for 5 min and precipitated and dispersed in 20 mL
toluene. The solution was centrifuged at 7500 rpm for 5 min
to obtain the supernatant.

2.3. Synthesis and purification of chiral organic ammonium
bromide R- and S-MBABr

R- and S-MBABr was prepared according to a previously
reported approach.25 Specifically, 10 mL R- and S-MBA and
12 mL HBr were added into anhydrous ethanol (15 mL) and
stirred vigorously at 0 °C overnight. The R- and S-MBABr pre-
cipitate was obtained by evaporating the solution at 75 °C,
washed thoroughly by ethanol, and recrystallized in ethyl
acetate until colorless; then, it was dried under a vacuum at
40 °C for 24 h.

2.4. Synthesis of chiral precursor solution

The chiral precursor solution was prepared by ultrasonically
mixing 0.020 g R- and S-MBABr, 0.017 g PbBr2, 0.3 mL R- and
S-MBA, 0.5 mL OAc, and 0.2 mL OAm in toluene.

2.5. Synthesis of chiral Cs4PbBr6 NCs

Here 600 μL of R-,S chiral precursor solution was mixed with
1 mL purified CsPbBr3 NCs, and the mixture was sonicated for
45 min at 40 °C and then centrifuged at 11 000 rpm for
10 min. The precipitate was dispersed in 1.5 mL toluene for
subsequent testing.

2.6. Synthesis and purification of achiral Cs4PbBr6 NCs
26

Cs precursors were prepared by adding 0.4 g Cs2CO3, 1.5 mL
OAc, and 15 mL ODE into a three-neck flask and drying for
60 min at 120 °C under vacuum conditions. Then, 0.056 g
PbBr2, 20 mL ODE, 2 mL OAc, and 2 mL OAm were added into
a three-neck flask and dried for 10 min at room temperature
under vacuum conditions. The mixture was heated at 120 °C
for 60 min, and then the temperature was raised to 150 °C.
Subsequently, 1.6 mL Cs precursor was rapidly injected. After
injection, the reaction was stopped by cooling in an ice bath
for 10 s. The crude solution was centrifuged at 12 000 rpm for
5 min and the precipitate was dispersed in 7.5 mL toluene.
The solution was centrifuged at 12 000 rpm for 5 min to obtain
the supernatant.

2.7. Characterization

The transmission electron microscopy (TEM) and high-resolu-
tion transmission electron microscopy (HRTEM) data were
recorded on an FEI Tecnai G2 S-Twin F20 instrument with a
field-emission gun operating at 200 kV. The crystal structures
of the samples were measured by the X-ray diffraction (XRD)
patterns, recorded on a Bruker D8 ADVANCE diffractometer
(40 kV, 40 mA) equipped with Cu Kα radiation (λ = 1.5406 Å).
The UV–vis absorption (UV) spectra were obtained from a
Shimadzu UV-2450 spectrophotometer. The steady-state PL
spectra were recorded on a HORIBA FLUOROMAX-4 spectro-
photometer. The time-resolved PL decay and photo-
luminescence quantum yields (PLQYs) were obtained on an
Edinburgh Instrument FLS920 spectrophotometer. The CD
spectra and CPL spectra were measured by a Bio-Logic
MOS-450 spectrometer and JASCO CPL-300 spectrometer,
respectively. The Fourier-transform infrared (FTIR) spectra
were recorded on an IFS-66V/S FT-IR spectrometer with KBr
pellets. The X-ray photoelectron spectra (XPS) were obtained by
an ESCALAB 250 Analytical XPS spectrometer with a mono-
chromatic X-ray source (Al Kα, hv = 1486.6 eV). The 1H nuclear
magnetic resonance (NMR) spectra were recorded on an NMR
spectrometer (VNMRS 400 MHz, Agilent Technologies). The
electron paramagnetic resonance (EPR) spectra were obtained
using a Bruker 300 EPR spectrometer at room temperature.

3. Results and discussion
3.1. Morphology, structure, and optical and electronic
properties

Pristine perovskite nanocrystals were synthesized via a tra-
ditional hot-injection approach in the presence of OAc and
OAm ligands.24 The TEM images reveal that a majority of them
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have cubic morphology with an average size of 10 nm (Fig. S1
and 2†). The average d spacing of the lattice fringes measured
from the HRTEM image is about 0.29 nm, agreeing with the
(200) lattice plane of the cubic CsPbBr3 phase (Fig. S2c†). The
XRD pattern of the as-synthesized perovskite NCs is presented
in Fig. S3.† The peaks at 15.1°, 21.6°, 26.5°, 30.6°, 37.8°, 43.9°,
and 46.7° can be indexed to the (100), (110), (111), (200), (211),
(220), and (300) reflections, respectively, of the cubic CsPbBr3
structure (JCPDS no.54-0752).27 Furthermore, the peaks at
12.69°, 22.4°, 25.4°and 30° for pristine perovskite NCs corres-
pond to the (110), (300), (024), and (223) reflections, respect-
ively, of the hexagonal Cs4PbBr6 phase (JCPDS no. 73-2478),28

which implies the presence of Cs4PbBr6 NCs and the pristine
perovskites are the mixture of CsPbBr3 phase and Cs4PbBr6
phase with the CsPbBr3 being in the majority. The UV–vis
absorption and PL spectra show that the as-synthesized
sample exhibits an absorption band at 485 nm and a strong
green emission at 510 nm with an excitation wavelength at
365 nm (Fig. S4†).

The chiral Cs4PbBr6 NCs, labeled with R- and S-Cs4PbBr6,
were synthesized by using R- and S-MBA as an inducer via the
phase transition process. The synthesis diagram of chiral
Cs4PbBr6 NCs is shown in Fig. 1a. Typically, the chirality can
be transferred to the as-synthesized R- and S-Cs4PbBr6 NCs
from the R- and S-MBA molecules in the phase transition
process. The obtained R- and S-Cs4PbBr6 NCs have uniform
rhombohedral morphology and high crystallinity with an
average size of 20 nm (Fig. 2 and Fig. S5†). The HRTEM
images show that the average d spacing of the lattice fringes is
0.32 nm, corresponding to the (131) plane of hexagonal
Cs4PbBr6 (Fig. 2e and f), in agreement with the selected-area
fast Fourier transformation (FFT) patterns (Fig. 2f inset and
Fig. S6†). All of the XRD peaks correspond to the reflections of
the hexagonal Cs4PbBr6 (JCPDS no. 73-2478), indicating that
no impure phase was found (Fig. 2g).

The achiral Cs4PbBr6 perovskite NCs without PL were pre-
pared by hot injection for comparison, named as N-Cs4PbBr6
(Fig. 1b and S7†). In contrast to N-Cs4PbBr6, R- and S-Cs4PbBr6
NCs exhibit strong blue luminescence (Fig. 2 h), which is

obviously different from the as-synthesized CsPbBr3 NCs with
green luminescence (Fig. S8†). The R- and S-Cs4PbBr6 NCs
display a strong PL emission peak at 438 nm and a very weak
peak at 504 nm with an excitation wavelength at 365 nm
(Fig. 2i). However, no emission can be detected for
N-Cs4PbBr6NCs, in agreement with previous reports (Fig. S9a
and S10†).26,29 The decay curves of R- and S-Cs4PbBr6 NCs
exhibit a triple-exponential decay and the average lifetimes are
42.10 and 50.36 ns, respectively (Fig. S11 and Table S1†).
Furthermore, the PLQYs were determined to be 20% and 17%
for R- and S-Cs4PbBr6 NCs, respectively. The PLQY and lifetime
of N-Cs4PbBr6 NCs cannot be obtained because no PL signal
could be detected. To investigate the unusual fluorescence
emission phenomenon, the UV–vis absorption spectra of
N-Cs4PbBr6 NCs and R- and S-Cs4PbBr6 NCs were measured
(Fig. S9b† and Fig. 2j). N-Cs4PbBr6 NCs exhibit an exciton peak
at around 313 nm, which originates from the intrinsic absorp-
tion of 0D Cs4PbBr6 NCs. The relative bandgap value is 3.81
eV, determined by Tauc fitting (Fig. S12†), consistent with the
bandgap value of 0D Cs4PbBr6 NCs according to the previous
reported value.30 In contrast to N-Cs4PbBr6 NCs, the R- and
S-Cs4PbBr6 NCs present a new exciton peak at 436 nm besides
the peak at 313 nm. The relative bandgap value drops to 2.78
eV, which should be caused by the VBr value in Cs4PbBr6 NCs
in accordance with previous reports.31–33

3.2. Chiroptical property of R- and S-Cs4PbBr6 NCs

To evaluate the chiral optical properties of R- and S-Cs4PbBr6
NCs, the CD and CPL spectra were obtained, as shown in

Fig. 1 (a) Schematic of the phase transformation from 3D cubic
CsPbBr3 to hexagonal 0D R- and S-Cs4PbBr6 NCs. (b) Schematic of the
synthesis of N-Cs4PbBr6 NCs.

Fig. 2 TEM images of (a and b) R-Cs4PbBr6 NCs and (d and e)
S-Cs4PbBr6 NCs with different magnifications. HRTEM images of (c)
R-Cs4PbBr6 NCs and (f ) S-Cs4PbBr6 NCs. The inset is the corresponding
selected-area FFT patterns of R-Cs4PbBr6 NCs. (g) -XRD patterns of R-
and S-Cs4PbBr6 NCs. (h) Photographs of R- and S-Cs4PbBr6 NCs under
visible illumination (top) and UV illumination at 365 nm (bottom). (i) PL
spectra of R- and S-Cs4PbBr6 NCs. ( j) UV–vis spectra of R- and
S-Cs4PbBr6 NCs.
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Fig. 3. The CD spectra evaluate the chirality of the ground
states of R- and S-Cs4PbBr6 and N-Cs4PbBr6 NCs, and the
intensity of CD can be quantified by the dissymmetry factor of
absorption (gabs).

34–36 The R- and S-Cs4PbBr6 NCs exhibit a
characteristic mirror CD signal in the wavelength range of
300–450 nm, being different from that of R- and S-MBA
(Fig. S13†). This result suggests that the relative absorption
band should be attributed to the framework of chiral perovs-
kites. This indicates that the chirality of R- and S-Cs4PbBr6
NCs originates from the relative chiral molecules, respectively,
because no chirality can be obtained for the N-Cs4PbBr6 NCs
and CsPbBr3 (Fig. S14†). The gabs values of the R- and
S-Cs4PbBr6 NCs are similar to that of the CD spectra and the
maximum values reach 8.5 × 10−3 and −8.8 × 10−3, respect-
ively, which agrees with the UV–vis absorption spectra.
Furthermore, Fig. S15 and Table S2† present that the intensity
of the CD signal and the gabs spectra are closely related to the
concentration of the chiral precursor solution. As the concen-
tration of the chiral precursor increases, the intensity of CD
and gabs response first rises and then declines. The decrease in
CD and gabs at high concentration can be attributed to the re-
placement of long-chain alkyls by chiral ammonium and the
stacking of high-concentration ligands.24

The CPL spectrum was used to evaluate the excited-state
chirality of R- and S-Cs4PbBr6 and N-Cs4PbBr6 NCs. The

N-Cs4PbBr6 NCs cannot exhibit a CPL response, confirming
that they cannot be endowed with the chirality of the excited
state. Compared with N-Cs4PbBr6 NCs, R- and S-Cs4PbBr6 NCs
exhibit an obvious CPL response. Fig. 3b displays a mirror-like
signal within the range from 425 to 525 nm, which can be
observed for the R- and S-Cs4PbBr6 NCs. The asymmetry of
CPL is quantified by the luminescence dissymmetry factor
(glum),

29,34–36 being defined by glum = (IL − IR)/(1/2(IL + IR)),
where IL and IR are the intensities of the left- and right-circu-
larly polarized light components of the emission of chiral
materials, respectively. The |glum| value of the R- and
S-Cs4PbBr6 NCs reach 6 × 10−4, as shown in Fig. 3d. The
corresponding DC (V) plots are shown in Fig. S16,† which
match well with those of the CPL response. These results indi-
cate that the R- and S-Cs4PbBr6 NCs possess the chirality of the
excited state.

3.3. Structural transformation between CsPbBr3 and
Cs4PbBr6 NCs

To investigate the role of chiral amines, a series of experiments
were performed. The content of the chiral amine was changed
from 0 to 700 μL, where the content of perovskite NC precur-
sors was maintained constant. The TEM images show that the
cubic-phase CsPbBr3 NCs gradually decreases with increasing
content of chiral amine in the reaction medium, and all of the

Fig. 3 Chiral characterization of R- and S-Cs4PbBr6 NCs. (a) CD spectra and (c) the corresponding dissymmetry factor gabs. (b) CPL spectra and (d)
glum of R- and S-Cs4PbBr6 NCs.
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CsPbBr3 NCs were transformed into ordered rhombohedral
Cs4PbBr6 NCs when the amount of chiral precursor was 600 μL
(Fig. S17†). Consequently, the green emission gradually
weakens and blue emission dominates the PL emission spec-
trum (Fig. S18a†). Meanwhile, the UV–vis spectrum exhibits an
absorption band at around 490 nm, which gradually decreases
and ultimately disappears, accompanied by a new sharp
exciton absorption peak appearing at 435 nm (Fig. S18b†).
This indicates that the NCs are changed from CsPbBr3 to
Cs4PbBr6. The corresponding XRD pattern shows that the diffr-
action peaks at 15° and 30.2° gradually disappear, confirming
the presence of the phase transition from cubic CsPbBr3 to
rhombohedral chiral Cs4PbBr6 (Fig. S19†). The crystal structure
of chiral Cs4PbBr6 NCs cannot be destroyed until the content
of the chiral amine salts reaches 700 μL. These results unam-
biguously demonstrate that chiral amines play an important
role in the phase transition process.

To better understand the growth of chiral Cs4PbBr6 NCs,
the morphologies of NCs within different stages are tracked
via TEM with the content of chiral amine salts being main-
tained constant in the reaction medium, as shown in Fig. 4.
The cubic CsPbBr3 NCs are gradually decomposed and they
transform into the mixture of thin sheets and amorphous
material. Subsequently, the homogenous chiral Cs4PbBr6 NCs
are observed, which corresponds to a ligand-assisted dis-
solution–recrystallization mechanism and is consistent with
the absorption spectra shown in Fig. 2j.29,37,38 On the basis of
the mechanism of dissolution–recrystallization, the CsPbBr3
NCs decompose into the mixed solution including Pb2+, Cs+,
and Br− ions. Then, the Pb2+ cations can interact with Br−

anions to reform [PbBr6]
4− octahedrons. Finally, [PbBr6]

4−

octahedrons interact with the Cs+ and chiral amine cations to
form the homogenously chiral Cs4PbBr6 NCs. The chiral
amine can transfer its chirality into the chiral Cs4PbBr6 NCs in
the recrystallization process.

3.4. Surface bonding and microenvironment characteristics

In order to determine the origin of the PL and CPL signals of
the R- and S-Cs4PbBr6 NCs, the surface-bonding characteristic
of the chiral NCs was measured via FTIR and the microenvi-
ronment was investigated by XPS and NMR measurements.
The FTIR spectra show that the adsorption peaks of the
N-Cs4PbBr6 and R- and S-Cs4PbBr6 NCs are obviously different
(Fig. S20†). The peaks at 1411 and 1714 cm−1 correspond to
the symmetric stretching modes of COO− and CvO of the OAc
ligand for the N-Cs4PbBr6 and R- and S-Cs4PbBr6 NCs.

39,40 The
absorption band at 2850–3000 cm−1 can be attributed to the
vibration of C–Hx and the peaks centered at 3005, 1464, and
1379 cm−1 correspond to the CvC–H-stretching modes, C–H2-
bending mode, and C–H3-bending mode, respectively, orig-
inating from the OAm and OAc ligands.41,42 However, for the
chiral Cs4PbBr6 NCs, the peaks at 724 and 764 cm−1 can be
attributed to the C–H-rocking mode and the stretching of the
primary amine group as well as out-of-plane C–H-bending
vibrations of monosubstituted benzene. This result confirms
the presence of chiral MBA ligands.13,43

The XPS data have been used to study the surface chemistry
and elemental distribution. The XPS spectra of C, N, and Br of
the N-Cs4PbBr6 and R- and S-Cs4PbBr6 NCs are shown in
Fig. S21.† The C 1s peaks of N-Cs4PbBr6 are a doublet with
binding energies of 286.2 and 284.8 eV, corresponding to the
C–N/C–O and C–C of OAm/OAc, respectively. In contrast to
N-Cs4PbBr6, the C 1s spectrum of R- and S-Cs4PbBr6 is a
triplet with binding energies of 288.3, 286.2, and 284.8 eV,
being attributed to the π–π satellite, C–N/C–O, and C–C,
respectively, confirming the existence of chiral amine on the
surface of R- and S-Cs4PbBr6.

24,44 All the N 1s peaks of the
N-Cs4PbBr6 and R- and S-Cs4PbBr6 NCs are doublets with
binding energies of 399.6 and 401.4 eV and 399.8 and 401.7
eV, respectively, which correspond to C–NH2 and C–NH3

+,
respectively. The ratios of C–NH3

+ to C–NH2 of R- and
S-Cs4PbBr6 are higher than that of N-Cs4PbBr6, indicating that
the protonated chiral amine exhibits stronger interaction with
the surface of Cs4PbBr6 than that of OAm.24,44 The Br 3d peaks
of N-Cs4PbBr6 is a doublet with binding energies of 67.9 and
69 eV, which can be attributed to the inner Br− and surface
Br−, respectively. Compared with N-Cs4PbBr6, although the Br
3d peaks of the R- and S-Cs4PbBr6 is also a doublet, the peaks
show a shift of 0.35 and 0.2 eV towards a higher binding
energy, respectively. In addition, the ratio of surface Br− to
inner Br− of N-Cs4PbBr6, S-Cs4PbBr6 and R-Cs4PbBr6 are 0.95,
0.78, and 0.69, respectively, indicating the existence of chiral
VBr in R- and S-Cs4PbBr6 NCs, according to previous reports.45

The NMR measurement was performed to further confirm
the action of chiral amine. To eliminate the interference of
toluene in the reaction system, the products of N-Cs4PbBr6 and

Fig. 4 Transient phases in the conversion of CsPbBr3 to Cs4PbBr6: (a)
TEM images of the initial Br perovskite NCs and of intermediates upon
conversion to the final Cs4PbBr6 product. TEM images and atomic
model (b) of cubic CsPbBr3 (c) and of rhombohedral Cs4PbBr6NCs. (d)
Schematic of the proposed dissolution–recrystallization transformation
mechanism.
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S-Cs4PbBr6 NCs were rinsed by chloroform. The 1H NMR
spectra of chiral ligand S-MBA, N-Cs4PbBr6, and S-Cs4PbBr6
NCs are shown in Fig. S22.† The N-Cs4PbBr6 and S-Cs4PbBr6
NCs show the chemical-shift (δ) peaks at 0.86, 1.22–1.48, 1.62,
2.0, 2.3, and 5.3 ppm, confirming the presence of OAm/OAc,
according to previous literature.46 However, S-Cs4PbBr6 NCs
exhibit some distinct peaks at δ ≈ ∼7.0–7.3 ppm and a faint
peak at 4.49 ppm and 1.7 ppm, which is similar to that of
S-MBA. This further indicates that a chiral amine can interact
with the surface of chiral Cs4PbBr6 NCs and induce the for-
mation of chiral VBr. According to the abovementioned results,
a possible mechanism for the formation of a chiral defect via
the phase transition from cubic CsPbBr3 to rhombohedral
Cs4PbBr6 NCs is illustrated in Fig. 4d.

3.5. EPR measurement and CPL mechanism

The N-Cs4PbBr6 is a wide-bandgap direct semiconductor with
a high bandgap of 3.81 eV and cannot show the exciton tran-
sition to the band in the visible region, as shown in Fig. S12.†
However, chiral Cs4PbBr6 shows a new bandgap peak at
around 2.78 eV, indicating that the blue emission comes from
an intermediate state generated by chiral VBr, rather than an
intrinsic transition. To further prove that the emission orig-
inates from the chiral VBr, the EPR spectrum was obtained for
S-Cs4PbBr6 and N-Cs4PbBr6.

Fig. 5a exhibits that the single Lorentzian line centered at g
= 1.998 can be observed for chiral Cs4PbBr6 NCs, and no EPR
signal can be observed for N-Cs4PbBr6 NCs. This suggests that
chiral bromine defects can be generated in the phase tran-
sition process for chiral Cs4PbBr6 NCs, which serves as a trap
state to trap electrons to recombine with holes to form exciton
centers.32,33,47 Furthermore, the chirality of defects originates
from the chiral amine, which not only generates a strong blue
emission but also gives rise to a CPL response. The relative
mechanism is illustrated in Fig. 5b.

4. Conclusions

In summary, the 0D R- and S-Cs4PbBr6 perovskite NCs have
been successfully designed and synthesized via a phase tran-

sition process. These chiral Cs4PbBr6 NCs not only exhibit a
significant PL but also show characteristic CD signals and
obvious CPL response. The UV–vis, XPS, and EPR spectra
further verify that the strong blue emission and CPL response
originates from the chiral bromine defects. This work not only
provides a new direction for the research of CPL functional
materials but also gives insights into the structure–property
relationship.
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