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Chiral organic-inorganic hybrid metal halides (OIHMHs) have attracted broader scientific community recently in spin light-
emitting diodes, and circularly polarized light-emitting diodes. However, the emission peaks of the reported chiral OIHMHs
mainly locate in the visible region, and chiral OIHMH with ultraviolet (UV) circularly polarized luminescence (CPL) has been
rarely reported. To fill this gap, cerium, a unique rare-earth (RE) element with tunable luminescence from UV to the visible
region owing to the 4f-related electronic transition, was introduced to construct the first RE-based chiral OIHMHs, R/S-MCC.
The chirality is successfully transferred from the chiral organic cations to the inorganic cerium chloride framework in R/S-MCC,
as confirmed by the single crystal structures, circular dichroism, and CPL. The emission spectra of R/S-MCC are in the UV
region, originating from the characteristic d-f transition of Ce”’, which making the Ce-based metal halides are ideal candidates
towards CPL light sources in the UV region. Notably, R- and S-MCC are the first RE-based OIHMHs, also the first chiral metal-
halides with UV CPL. Our work opens a new avenue for the development of the chiral OIHMH family towards RE-based chiral
OIHMH. The RE-based chiral metal halides couple the unique and superior optical, electrical, magnetic, and spintronic prop-
erties of RE elements with chirality could accelerate the development of chiral optoelectronics and spintronics toward real
applications.
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With inherent inversion symmetry-breaking structures, exhibit numerous fascinating chiral optical [1,2], electrical
chiral organic-inorganic hybrid metal halides (OIHMHs) [3,4], magnetic and spintronic properties [5], including cir-
cular dichroism (CD) [6,7], circularly polarized lumines-
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phonon-activated spin Seebeck effect [8], and chiral-induced
spin selectivity effect [11]. Thus, chiral OIHMHs have been
widely investigated recently towards potential applications
in circularly polarized light detection [12,13], circularly
polarized light sources [14], spin light-emitting diodes [15],
chiral optical sensing [16], and biological imaging [17,18].
Among these applications, circularly polarized light source
possesses prime importance. However, most of the reported
chiral OIHMHs emit CPL in the visible region, with only a
few reports on the ultraviolet (UV) region. UV CPL light,
which has higher energy than CPL in the visible region, will
have promising applications as the circularly polarized light
source to excite and investigate the excited chiral optical,
electrical, and spintronic properties of chiral materials
[19,20]. Moreover, UV CPL has huge potential in three-
dimensiaonl (3D) displays [21], chiral catalysis [22], in-
formation encryption [23], wireless communication [24],
high-density information storage [25], biomedical and for-
ensic applications [26]. Thus, it is necessary and highly
needed to develop chiral OIHMHs with UV CPL.

The CPL properties and performances in chiral OIHMHs
are determined by the constituent units of the chiral organic
cations and inorganic components [27,28]. Although re-
searchers have systematically investigated the crystal struc-
tures and CPL of Pb- [29], Sn- [30], In- [31], Sb- [32], Bi-
[33,34], Cu- [35], Ge- [8], Mn- [36], Zn- [37], Cd- [38], Fe-
[31], Rb- [39], Pd- [40], and Ru- [5] based chiral OIHMHs,
most of them exhibit visible-region CPL. Compared with the
reported chiral OIHMHs, rare-earth (RE) elements have a
rich variety of ion types and more diverse optical properties
[41,42]. The unique 4f electron-related emission spectra of
RE-based luminescent materials could cover the UV, visible,
and infrared spectroscopy (IR) regions [43—45]. Thus, the
integration of RE as an inorganic component in chiral
OIHMHs could be the most promising option and effective
strategy to achieve strong CPL emission in the ultraviolet
region.

Among the 17 kinds REs, cerium (Ce) has been widely
investigated and employed in various optical fields [46,47],
such as Ce3+—doped LaBr; crystals can be used as high-per-
formance scintillators for X-ray imaging [48,49], Ce“-doped
YAG (Y;A50;,) has been widely implemented as a phosphor
in high-power lighting [50,51], and Ce”"-based luminescent
complexes can be utilized to prepare the light-emitting
diodes (LEDs) [46,52]. These superior optical properties
benefit from the unique parity-allowed d-f transition of ce’”
that can be tuned from UV to the visible regions by in-
troducing different coordinated environments [53,54]. In
addition, chiral OIHMHs with adjustable geometries can
provide diverse Ce’"-based structures to emit different lu-
minescence signals from the d-f transition. Therefore, the
combination of the unique optical and electronic properties
of Ce’" with chirality is an optimal choice towards the evo-
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lution of UV CPL materials. However, based on the Hard-
Soft Acid-Base (HSAB) principle, oxygen-containing li-
gands (such as H,O and OH ) exhibit much stronger co-
ordination capacities than halogen anions [55] thus, chiral
OIHMH based on RE is unstable under air and humid con-
ditions [56]. Due to this limitation, not many reports are
available on the RE-based OIHMH, and to the best of our
knowledge, RE-based chiral OIHMH has not been reported
as of now.

Herein, the first RE-based chiral OIHMHs, (R/S-MBA)
CeCl,-2CH;0H (R/S-MCC, MBA=a-methylbenzylammou-
nium), were designed and synthesized, along with systematic
investigation on their crystal structures, magnetic properties,
and chiroptical properties in the UV region. Owing to the
successful chirality transfer from the chiral cation to the in-
organic cerium chloride framework, these Ce’"-based
OIHMHs exhibit symmetry-breaking crystal structures, cir-
cular dichroism (CD) and CPL. It is also worth noting that
R/S-MCC displays both paramagnetic property and unique
UV CPL emission, and the in-depth work to tune the UV
CPL under a magnetic field is undergoing. In summary, our
work provides the first RE-based chiral metal halides among
17 kinds of RE elements, also the first chiral metal halides
with unique UV CPL (Scheme 1 and Table S1, Supporting
Information online), which will accelerate the maturation of
chiral OIHMHs with UV CPL emission. The inter-
disciplinary emerging frontier between the unique chiral
optical, electrical, magnetic, and spintronic properties of RE
materials with chirality could promote the development of
the next-generation UV CPL light source.

The single crystals of R/S-MCC were synthesized via a
facile solution method and grown by an antisolvent-assisted
crystallization strategy. Single-crystal X-ray diffraction re-
vealed that R-MCC and S-MCC belong to the triclinic crystal
system and crystallize into the asymmetric Sohncke space
group of P1 (CCDC No. 2327202, 2327203) (Table S2). On
the contrary, the achiral Ce’"-based metal halides crystallized
into the Pbcm groups with mirror plane or inverse symmetry
centre [57]. As depicted in Figure 1a, the crystal structures of
R/S-MCC are mirror symmetric, and each Ce’" coordinates
with six chloride ions and two methanol molecules, forming
a distorted dodecahedron. The bond lengths of the dodeca-
hedrons are not equal. The Ce—Cl bond lengths vary from
2.821t02.95 A, and the Ce—O bond lengths vary from 2.49 to
2.54 A (Tables S3 and S4). This distortion may be related to
the chirality transfer caused by chiral cations. The chirality
transfer is further supported by the crystallographic indexing
based on Wilson statistics and the cumulative intensity dis-
tribution, which match well with the acentric curve (Figure
S1, Supporting Information online) [58]. The <|E2—1 > value
is 0.763 for both R- and S-MCC, suggesting their space
groups are non-centrosymmetric (Figure S2). As shown in
Figure la, the edge-sharing dodecahedrons constitute one-
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The first chiral cerium halide, a new family member of chiral organic-inorganic hybrid metal halides, is reported in this work. Comparison

between the emission wavelengths and the corresponding values for |g,,| of chiral OIHMHs reported in literatures and this work (color online).

dimensional (1D) chain structure along the b-axis. From the
perspective of the b- or c-axes, the inorganic dodecahedrons
are not connected, and all the R/S-MBA cations are dis-
tributed around the 1D inorganic chains through hydrogen
bonding (Figure S3). The powder X-ray diffraction (PXRD)
patterns of the R/S-MCC samples match very well with those
simulated from their single crystals, indicating the as-syn-
thesized samples exhibit high phase purity (Figure 1b, c).

To further analyze the structure of the as-synthesized
samples, the Fourier transform infrared (FT-IR) spectroscopy
was employed to investigate the vibration of the organo-
functional groups in R/S-MCC (Figure S4). The FT-IR peaks
at 1,160 and 1,223 cm ' should be attributed to the C-N
vibration absorption related to the chiral centre of R/S-MBA
cations. X-ray photoelectron spectroscopy (XPS) was sub-
sequently employed to investigate the valence and chemical
state of each element in the crystal structures of R/S-MCC
(Figures S5 and S6). The XPS peak at approximately
286.37 eV should be ascribed to the carbon atom (C 1s) in
the coordinated methanol molecules, while those at 200.3
and 198.7 eV are assigned to the coordinated chloride ions
(C12p,), and Cl 2p5),). The four XPS peaks at 905.45,901.17,
887.01, and 882.64 eV can be accredited to the multiple
splits of positive trivalent Ce ions (Ce 3d). The XPS peaks at
401.90 and 399.90 eV are due to the nitrogen atom in the
chiral cations (N 1s), and the O 1s signal at 533.00 eV ori-
ginates from the oxygen atom in CH;OH. Scanning electron
microscopy (SEM) and energy dispersive spectroscopy
(EDS) mapping were also performed, revealing the uniform
elemental distribution with no obvious enrichment (Figures
S7 and S9). Moreover, the EDS spectra showed that the ratio
of C/Cl/Ce/N atoms was similar to the stoichiometric ratio
(12:4:1:1) of R/S-MCC (Figures S8 and S10), which further
confirmed the purity of the as-synthesized RE-based chiral
halide samples.

Then, the optical properties of these chiral Ce’"-based
halides were investigated via UV-visible (UV-vis) diffuse
reflectance spectroscopy. As shown in Figure 2a, both R-

MCC and S-MCC exhibit almost identical absorption edges
at approximately 354 nm owing to their enantiomeric nature.
There are two peaks in the absorption spectra, and the peak
located at 260 nm agrees with the absorption of the chiral
organic R/S-MBA cation (Figure S11). Thus, the absorption
peak located near 330 nm is attributed to the 4f-5d transition
of the Ce’" ion, which is also consistent with the previously
reported ce”’ compounds [59-61]. According to the Tauc
plot, the bandgaps of R-MCC and S-MCC are approximately
3.53 and 3.54 eV, respectively (Figure S12). The theoretical
absorption spectrum of R/S-MCC was also calculated for
comparison by using the frequency-dependent dielectric
matrix based on the optimized ground state geometry. The
imaginary part of the dielectric tensor is determined by a
summation over the empty states, and the real part is ob-
tained by the Kramers-Kronig transformation [62]. The
number of empty conduction bands (CBs) is doubled, and the
frequency grid points are increased to 2,000 to obtain the
reasonable theoretical absorption spectra. As shown in Fig-
ure S13, the theoretical absorption spectrum of R/S-MCC
matches thoroughly with the experimental diffuse re-
flectance absorption spectra. By the introduction of chiral
organic cations, the crystal structural symmetry of the Ce’'-
based chiral halides decreases, resulting in the unique chiral
optical properties. CD refers to the difference in absorption
coefficients exhibited by chiral materials to the left- and
right-handed circularly polarized light. The CD spectra of R-
MCC and S-MCC were then measured, and the mirror-
symmetric signature from 250 to 350 nm was observed,
which further confirmed their enantiomeric nature (Figure
2b). In order to clarify the origins of the CD signals of R/S-
MCC, the CD spectra of R/S-MBA and R/S-MBACI were
measured (Figure S11). The CD signals of R/S-MCC located
near 260 nm corresponded to R/S-MBA cations, while the
CD signal near 330 nm should be attributed to the 4f-5d
transition of the Ce’" ion. Therefore, the chirality of R/S-
MBA was successfully transferred to the inorganic frame-
work. Furthermore, the vibrational circular dichroism (VCD)
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Figure 1 (a) The crystal structures of R/S-MCC. Ce, Cl, C, N, and O are represented by the dark green, light green, grey, blue, and red spheres, respectively
(H atoms are omitted). (b, ¢) The measured and simulated PXRD patterns of R/S-MCC (color online).

spectra are measured for R/S-MCC. As shown in Figure S14,
they exhibit the same IR and VCD peaks with opposite
signals at the same wavenumbers, which further supports the
enantiomorphic structures of R- and S-MCC.

To further understand the peculiar optical characteristics of
R- and S-MCC, density functional theory (DFT) calculations
were performed to explore their optical transitions in detail.
The spin-polarized electronic band structure and corre-
sponding partial density of states (PDOS) of the R-MCC are
shown in Figure 3a, b. There are two valence bands (VBs)
near the Fermi level consisting of two unpaired 4f electrons
due to the two Ce atoms in the unit cell, while the VBs
mainly comprise Cl below the Fermi level. In contrast, the
CBs consist of the 4f- and 5d-orbitals of Ce and the p-orbitals
of C atoms of the chiral organic cations above the Fermi
level. To distinguish the contributions of the chiral cation
(R/S-MBA) and coordinated methanol molecules, as well as
the participation of various azimuthal quantum numbers of
all atoms, more accurate PDOS analyses of R/S-MCC were
performed and are shown in Figures S15 and S16.

The transition dipole moments (TDMs) between different
CBs and VBs within the range from —5.0 to 3.0 eV were
calculated. The optical transitions involving VBs consisting
of Cl are identified as numbers 1 to 4 in terms of energy from
low to high, and their TDMs are one or two orders of mag-
nitude smaller than the transitions using VBs comprising
Ce 4f orbitals (Figure S17). The optical transitions con-
stituting Ce 4f orbitals, with TDMs ranging from tens to 210
Debye2 are labelled 5 to 7 in terms of energy from low to
high, show that 4f-5d contributes to the main absorption. In

contrast, the contribution of the Cl-Ce transition to the ab-
sorption spectrum of these Ce-based halides can be almost
neglected. Therefore, the optical properties of RE-based
chiral OIHMHs are totally different from that of the tradi-
tional chiral OITHMHs based on lead (from halide to lead),
and the 4f-related transition dominates the optical properties
of RE-based chiral OTHMHs.

To further investigate the influence of Ce’ on the mag-
netic properties of the R/S-MCC powders, the temperature-
dependent magnetic susceptibility of R/S-MCC was mea-
sured from 2 to 300 K, as shown in Figure 3¢c. The magnetic
susceptibility increases with decreasing temperature
throughout the entire temperature range, indicating that R/S-
MCC is paramagnetic, which results from the free spin of the
single 4f electron in ce”” ([Xe]4fl). Due to the strong spin-
orbit coupling, the orbital angular momentum and spin
magnetic moment jointly determine the magnetic behavior of
RE ions. The theoretical effective moments () of the ty-
pical Hund’s rule ions can be calculated as shown in Eq. (1)
[63]:

Hea = &N+ Dy (1

where J is the total angular momentum, uy is the Bohr
magneton, and its g-tensor is defined by the total orbital
angular momentum (L) and the total spin angular momentum
(S) as g=1+[J(JH1)+S(S+1)—L(L+1)]/[2J(J+1)]. The values
of all quantum numbers of Ce’" are given in Table S5. The
inverse susceptibilities of both R- and S-MCC exhibit ob-
vious negative curvatures as shown in Figure 3d; this char-
acteristic is considered to be related to the temperature
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independent term (y,) in the Curie-Weiss law, as shown in
Eq. (2):
C

X m = T— 9 +X 0 (2)
where y,, represents the magnetic susceptibility, T is the
temperature, C is the Curie constant, and 4 is the Curie-Weiss
temperature [63]. Due to the significant difference between
the linear inverse susceptibility above 120 K and the non-
linear behaviour below 120 K, we fitted the data in the high

temperature (HT, from 120 to 300 K) and low temperature
(LT, from 2 to 120 K) ranges. The fitted curves only match
with the inverse susceptibility plots within their own tem-
perature ranges and the results are shown in Table S6
[63,64]. The effective magnetic moments (u.;) of the R-
MCC and S-MCC are calculated by Eq. (3):

e = [ 1y = 22yl 3)
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where kg is the Boltzmann constant and N, is the Avogadro’s
constant [63]. In the LT region, R-MCC and S-MCC exhibit
significantly underestimated effective magnetic moments of
1.897ug and 1.824ug, respectively. The decrease in the
magnetic moment is caused by the thermal depopulation of
the excited crystal field levels. In the HT region, slightly
higher effective magnetic moments, 2.600uz and 2.861u3,
and obvious overestimation of the interaction strengths 6,
—41.687 and —63.141 K, are obtained for R-MCC and S-
MCC, respectively. The negative 6 values indicate anti-
ferromagnetic coupling between Ce’", but the plots do not
exhibit any long-range ordering, indicating that 7y is less
than 2 K. Although 7} is usually smaller than ||, for RE ions,
the large || is caused by the thermally populated crystal field
levels. In previous studies, the deviation from the Curie-
Weiss law was widely observed in Ce-based compounds
[63,64]. However, when deviation occurs, a multilevel model
under crystal field effects (Eq. (4)) can be used with the
effective magnetic moment described by Eq. (5) [64]:

£y
1+Y" e*pT
£ 1=8.(T-0)- 2.0 — )
ﬂe2ff,0+Z:l_l[ﬂe2ff,nleW
B,
llesz,o"rz,r.’:lﬂesz,nﬂe ksl
,Uesz: o Eat ©)
HZHG kT

where p.51 is the effective moment of the crystal field ground
state, E, | is the energy between the ground state and the (n
—1)th excited level and ., is the effective moment of the
excited level. When n>4, a large number of parameters make
the attainment of the n-level equation from data fitting
complex. We fitted the inverse susceptibilities by 2-level and
3-level equations, and the parameters are listed in Tables S7
and S8. The experimental effective moments of the 2-level
equation (2.499ug for R-MCC and 2.519u5 for S-MCC) and
3-level equation (2.497ug for R-MCC and 2.512u5 for S-
MCC) are consistent with the calculated moment g,
(2.54ug). As shown in Figure S18, the difference between the
2-level equation and the 3-level equation lies mainly in the
LT region. The difference between the data and the fitted
curves indicate that the 3-level equation is more suitable for
the susceptibility plots because of the smaller difference
from the data at LT (Figure S19). The calculated spin den-
sities of R/S-MCC are also shown in Figure S20.

To investigate their photoluminescence (PL) properties,
PL excitation-emission maps were measured under ambient
conditions. As shown in Figure S21, R-MCC shows almost
the same emission bands at approximately 360 nm under
excitation from 220 to 350 nm. The similar PL excitation-
emission map of S-MCC is obtained owing to the enantiomer
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nature with R-MCC. To avoid the interference from excita-
tion and emission, 303 nm was chosen as the excitation
wavelength for the PL measurements. The emission peaks of
R-MCC and S-MCC are almost the same at 356 and 368 nm,
which further proves their enantiomeric nature (Figure 4a).
According to the calculated electronic structure (Figure 3a,
b), the emission peaks in R/S-MCC may originate from the
transition of Ce-5d — Ce-4f. Similar two emission peaks
were also observed in other Ce’'-based halides [57]. The
excited-state dynamics of R-MCC and S-MCC were further
measured by time-resolved photoluminescence (TR-PL)
spectroscopy. As shown in Figure 4b, the fitted PL lifetimes
of R-MCC and S-MCC are 7.3 and 5.6 ns, respectively,
which are consistent with the short lifetime of d-f transition
luminescence [46,54]. The photoluminescene quantum yield
(PLQY) of R/S-MCC was approximately 11.7+1.0% and
11.3+1.1% (Figure S22). The Commission International de
I’Eclairage (CIE) coordinates of R-MCC (0.1564, 0.0260)
and S-MCC (0.1564, 0.0264) are also shown in Figure 4c,
clearly indicating that R-MCC and S-MCC are ideal candi-
dates for circularly polarized light source in the UV region.
Therefore, the circularly polarized luminescence (CPL)
spectra of R-MCC and S-MCC were measured. As shown in
Figure 4d, the CPL spectra of R-MCC and S-MCC exhibit
mirror-symmetric CPL in the UV region under ambient
conditions. The dominant CPL peak located at 360 nm is also
very close to the emission peak at 356 nm, further indicating
that chirality is successfully transferred from chiral organic
cations to the Ce 5d-4f emission peaks of R/S-MCC. The
anisotropy factor of CPL was further calculated based on

Eq. (6):
_ 21y

Eum ~ YN (6)
where I} and I refer to the intensity of the left- and right-
handed CPL, respectively [65-67]. The calculated |g,,| va-
lues are approximately 6.33x10 * and 3.34x10 " at 370 nm
for R-MCC and S-MCC, respectively (Figure S23). Given
the current scarcity of CPL materials in the UV region, Ce’'-
based chiral OIHMHs exhibit enormous potential for ex-
panding CPL toward the UV region (Scheme 1). Further
investigations will be performed to increase both the g, and
PLQY of Ce’"-based chiral OIHMHs towards real applica-
tions. The thermal stability and photostability of the samples
were also evaluated under different conditions. As shown in
Figure S24, under the continuous irradiation with UV light at
348 nm for 120 min, the PL intensity of S-MCC was slightly
changed, which indicates that R/S-MCC are photostable. The
sample can still emit consistent ultraviolet luminescence
before and after being heated at 60 °C for 6 h (Figure S25).
Thermogravimetric analysis (TGA) was further performed to
evaluate the thermal stability of R-MCC. The results showed
that R-MCC gradually decomposed as the temperature
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spectra of R/S-MCC. (d) The CPL spectra of R/S-MCC (color online).

increased. Starting from ~80 to ~160 °C, two CH;OH mo-
lecules are lost from R-MCC, resulting in a weight loss of
approximately 13%. As the temperature increases to ~230
and ~315 °C, a total weight loss of 33% is attributable to the
sublimation of MBACI. After the subsequent heating pro-
cess, the residual weight remains almost constant for CeCl;
with a high melting point (848 °C) (Figure S26). The result
showed that R- and S-MCC have good stability against heat
and UV irradiation.

In summary, our work reports the first chiral organic-in-
organic hybrid metal halide based on the RE element, R/S-
MCC. The obtained chiral cerium halide crystals belong to
the P1 Sohncke space group, and a 1D chain-like structure is
formed by the introduction of chiral cations, which surround
edge-sharing Ce*"-based dodecahedrons. The chirality is
successfully transferred from chiral organic cations to the
inorganic RE framework, resulting in the chiral UV light
emission from Ce”" ions. The mirror-symmetric CD and CPL
spectra were obtained for R-MCC and S-MCC. Most im-
portantly, the combination of chirality with RE element en-
dows the chiral metal hybrid halides with both
paramagnetism and UV CPL emission. Our work promotes
the maturation of RE-based chiral metal halides by providing
appreciable support for accessing circularly polarized light
sources in the UV region. We believe that our work provides
a new stage for the development of chiral organic-inorganic
hybrid metal halide families. The fusion of RE-based chiral
halides with the superior optical, electrical, magnetic, and
spintronic features of RE elements with chirality will ac-

celerate the maturation of chiral optoelectronics and spin-
tronics toward real applications.
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