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Abstract: The design of novel chiral metal halides with exceptional chiroptical properties has attracted significant research
attention due to their potential applications in chiral optoelectronics and spintronics. However, developing the deep-red
circularly polarized luminescence (CPL) emitters is still challenging. In this work, we presented the first chiral molybdenum
halide clusters by incorporating chiral methylbenzylammonium (R/S-MBA) for the design of (R-MBA),MoCl;4 and (S-
MBA ), MoCly, tetrakis hexahedra, which adopt the unique Catalan solid structure. These chiral tetrakis hexahedra exhibit
24 unique 3c-2e Mo—Mo—Cl bonds, which are scarcely reported. Notably, these (R-MBA ),MoCl;4 and (S-MBA),MosCly4
tetrakis hexahedra demonstrated pronounced circularly polarized luminescence in the deep-red region, accompanied by
an extended emission lifetime of 114.14 us at room temperature. Additionally, these chiral molybdenum halide tetrakis
hexahedra are optically stable for 3 months. The four-state spin sublevel model was employed to investigate the emission
mechanism and found that the temperature-dependent exciton dynamics lead to the dual-band emission of the designed
chiral tetrakis hexahedra. Our study expands the family of lead-free chiral metal halides and develops a novel strategy to

design a high-performance deep-red CPL emitter.

J

Introduction

Circularly polarized luminescence (CPL) has drawn consider-
able attention owing to its fascinating potential applications
in numerous fields such as 3D optical imaging,['] information
encryption,!>*! biological probes,[*7] switches,[®°] and circu-
larly polarized light sources.[!®!!] Chiral metal halides are
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regarded as an ideal platform as a potential CPL light source,
which exhibits peculiar features, including circular dichroism
(CD), circularly polarized luminescence, nonlinear chiroptical
effects, chirality-induced spin selectivity, and chiral-phonon
assisted spin-Seebeck effect, etc.1210] Red light, as one of the
primary components of the visible spectrum, can regulate all
the visible signals by mixing it with green and blue. Moreover,
red CPL emitters hold substantial applications in white light
illumination and full-color displays, especially for biological
sensing and imaging due to the deep penetration,'72]
and also in communication systems.”! However, designing
chiral metal halides with deep-red CPL emission is quite
challenging. Therefore, developing the novel chiral hybrid
metal halides with deep-red CPL emission and high color
purity is highly needed.

Moreover, to address the toxicity issues associated with
the chiral lead halides, researchers have introduced different
environment-friendly metals such as Mn,[?2%3] Cu,[?*] Sb,[>’]
In,?01 Rb,271 Pt,128]1 Ry B3] Ce[?] and Bi.*" This approach
has opened new opportunities for combining the advanced
properties of different metals with chirality. Molybdenum
(Mo) belongs to the family of cost-effective transition metals
and offers several unique features, including high melting
point, enhanced modulus of elasticity, low coefficient of ther-
mal expansion, and high biosafety.’»**] Most importantly,
molybdenum halide possesses luminescence in the deep-
red region/®>3°! which is a promising avenue for integrating
Mo as the inorganic part into the chiral metal halides
to achieve efficient CPL emission in the deep-red region.
However, chiral molybdenum halide has not been reported
up to today. Therefore, it is highly needed to construct the
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chiral molybdenum halide and systematically investigate its
chiroptical properties.

In this work, we designed and constructed the first
chiral (R-MBA),MosCl;; and (S-MBA),MosCly, tetrakis
hexahedra by introducing chiral methylbenzylammonium
(R/S-MBA). The tetrakis hexahedron belongs to the family
of Catalan solids, which are the duals of the Archimedean
solids. These convex isohedral polyhedral features a single
dihedral angle, apart from the regular polyhedral. Among the
13 distinct shapes of Catalan solids, our system falls into the
tetrakis hexahedron category. Structurally, it resembles a cube
augmented with square pyramids and consists of 24 faces,
36 edges, and 14 vertices, conforming to the most famous
Euler’s polyhedron formula.’7%1 Notably, the chiral (R-
MBA),MosCly4 and (S-MBA) ,MosCly, tetrakis hexahedra
exhibit exceptional optical properties, including luminescence
in the deep-red region with emission peaks at 658 and 698 nm
and an ultra-long lifetime of 114.14 ps at room temperature.
Due to the successful chirality transfer from the chiral organic
cations to the molybdenum halide cluster, circular dichroism
(CD) and circularly polarized luminescence (CPL) in the
deep-red region were achieved. Moreover, these chiral (R-
MBA),MosCly4 and (S-MBA),MosCly4 tetrakis hexahedra
demonstrate 3-month optical stability and an enhanced pho-
toluminescence quantum yield (PLQY) of 7.58%, surpassing
the previously reported achiral molybdenum compounds. Our
findings introduce a new and unique member to the chiral
metal halide family, the tetrakis hexahedron cluster, and
propose a novel strategy to design the high-performance
deep-red CPL emitter.

Results and Discussion

The (R-MBA),Mo4Cly4 and (S-MBA),MoCl,4 single crystals
were synthesized using a solvothermal method, with the
detailed synthetic procedure in the experimental section.
Single-crystal X-ray diffraction (SCXRD) analysis confirmed
that (R-MBA),MosCly4 and (S-MBA),MosCly4 adopt a mon-
oclinic crystal system with the Sohncke space group P2,.
Figure la illustrates the previously reported chiral metal
halide clusters and highlights the structural resemblance of
our designed system to the tetrakis hexahedron among the
Catalan solids.

The (R-MBA)2M06C114 and (S-MBA)zMOf)ClM tetrakis
hexahedra exhibit a typical zero-dimensional (0D) geometry
with isolated MosCly,>~ tetrakis hexahedron separated by
the chiral cations (as shown in Figure 1b). Due to the enan-
tiomeric nature, the lattice constants of (R-MBA),MosCly4
and (S-MBA),MosCly, tetrakis hexahedra are almost the
same (as summarized in Table S1). The MogCl4>~ tetrakis
hexahedron can be regarded as a combination of Mog octahe-
dron and Cly4 tetrakis hexahedron, and the mirror-symmetric
structures for the R-MosCl;y and S-Mo¢Cly, tetrakis hexahe-
dra are also shown in Figures S1 and S2. The powder X-ray
diffraction (PXRD) patterns of (R-MBA),MosCly4 and (S-
MBA),MoCly4 tetrakis hexahedra exhibit sharp peaks with
a slight shift from the simulated XRD, which is attributed
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Figure 1. a) The depiction of the previously reported chiral metal-halide
clusters and the resemblance of our designed system with the tetrakis
hexahedron among the Catalan solids. b) Packing diagram of
(R-MBA);MogClis and (S-MBA);MogClyy tetrakis hexahedra. Mo, Cl, C,
and N are represented by green, magenta, light grey, and light blue
spheres, respectively. All hydrogen atoms are omitted for clarity.

to the lattice expansion with the increment in the measuring
temperature (represented in Figure S3a,b).[*!]

The MogCly,>~ tetrakis hexahedron was unfolded along
the Mo—Mo and CI—Cl bond directions, and the correspond-
ing geometric parameters are shown in Figure 2a (also in
Figure S4a,b). Both the Mo—Cl and Mo—Mo bond lengths
exhibit irregularities, which are assigned to the distortions in
the inorganic framework caused by the chiral organic cations.
To quantify this bond length distortion, the bond length
distortion index (D) is calculated based on Equation 1[4

1 & ldi — dol
D=— _ 1
n ; d() ( )

where d; represents the Mo—Mo or Mo—Cl bond length,
dy is the average Mo—Mo or Mo—Cl bond length, and
n denotes the number of such bonds. As shown in Table
S2, the calculated D for the Mo—Mo bond is 0.00073, and
0.00126 for the Mo—Cl bond in (R-MBA),MoCl;, tetrakis
hexahedron. Meanwhile, for (S-MBA),MosCly4 tetrakis hex-
ahedron, the calculated D for Mo—Mo and Mo—Cl bonds
is 0.00063 and 0.00148, respectively. As a comparison, the
calculated D for Mo—Mo and Mo—Br bonds in achiral
MogBrg(CF;COO)s is only 0.00035 and 0.00113,11 which
is significantly smaller than that of (R-MBA),MosCly; and
(8-MBA),MoCly, tetrakis hexahedra.

To further quantify the distortion degree, the distortion
index (o) of the bond angle is also calculated by using

© 2025 Wiley-VCH GmbH
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Figure 2. Bonding analysis in the (R-MBA);MogCly4 and (S-MBA);MogClyy tetrakis hexahedra. a) With specific bond lengths and crystal clusters
expanded along the Mo—Mo bond direction, red signifies that the bond length is longer than the average value of this type of bond, while black
represents bond length shorter than the average. b)-d) AANDP orbitals of MogCly42~ tetrakis hexahedra. ON represents the occupancy number.

Equation 2,[1]

0; —90°

z Jo— o0 @

where 6; depicts the Cl—Mo—Cl bond angle in the MogCl,>~
tetrakis hexahedron. The calculated o is 0.01342, and 0.01349
for (R-MBA),Mo4Cly4 and (S-MBA),MoCly4, respectively.
Compared with the previously reported achiral Mo clusters,
our designed chiral clusters exhibit significantly larger bond
and angle distortions,[*] providing further evidence that
chirality is successfully transferred to the inorganic clusters by
the chiral organic cations.

In addition, to further analyze the bonding order within
the MogCly,>~ tetrakis hexahedron, the adaptive natural
density partitioning (AdNDP) wave function analysis was
performed. As shown in Figure 2b—d, the MogCl,4>~ tetrakis
hexahedron exhibits three distinct bonding modes. The first
mode consists of six 2c-2e Mo—Cl bonds, representing the
typical covalent interactions between Mo and Cl atoms. The
second mode involves 12 2¢-2e Mo—Mo bonds, indicating
direct metal-metal interactions. The third, more unique mode,
is the 3c-2e Mo—Mo—Cl bond, where a single chloride
ion bridges two Mo atoms, resulting in a total of 24 such
multicentered bonds. These 3¢-2e Mo—Mo—Cl bonds enhance
the structural stability and connectivity of the cluster’s
framework. The interplay of these bonding modes, especially
the multicenter bonds, suggests that these clusters may exhibit
distinctive electronic properties, such as delocalized electron
density and enhanced stability, making them promising
candidates for various technological applications.
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The electronic and chiroptical properties of the (R-
MBA),MosCly4 and (S-MBA),MosCly4 were then investi-
gated and shown in Figure 3. The UV-vis spectra for the
designed (R-MBA);,MosCly4 and (S-MBA),MosCly4 chiral
tetrakis hexahedron were measured (as shown in Figure 3a).
The absorption spectra for the chiral cations (R-MBACI and
S-MBACI) show the excitonic peak ranging from 254 to
270 nm,[®! while the designed chiral tetrakis hexahedra have
similar absorption spectra for both the enantiomers ranging
from 250 to 700 nm. It is considered that the absorption spec-
tra for the (R-MBA),MosCly4 and (S-MBA),Mo4Cly4 origi-
nated from the metal-metal charge transfer (MMCT).[4748]
The CD spectra display mirror-symmetric signals from 250
to 700 nm for (R-MBA),MosCly4 and (S-MBA),MosCl4.
Compared with the CD spectra of the chiral cations (R-
MBACI and S-MBACI),[* it is confirmed that the chirality
is successfully transferred from the chiral organic cations to
the inorganic cluster, as shown in Figure 3b.

To further elucidate the optical properties of these clusters,
the electronic band structure and projected density of states
(PDOS) of (R-MBA),MoCly4 were also calculated based on
the density functional theory (DFT, as shown in Figures 3c
and S5). The flat band is consistent with the 0D structural
features. The valence band maximum (VBM) and conduction
band minimum (CBM) are primarily contributed by the Mo
atoms. The isosurface plots of the wave functions for the VBM
and CBM further demonstrate that the electron density is
predominantly localized on the Mo cluster, as illustrated in
Figure 3d.

The room temperature photoluminescence spectra of
both (R-MBA),MosCly4 and (S-MBA),MoCly, tetrakis hex-
ahedra were then measured under the 375 nm excitation,
and two distinct emission bands at 658 and 698 nm were
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Figure 3. Electronic and chiroptical properties of (R-MBA);MogCly4 and (S-MBA);MogCly4 tetrakis hexahedra. a) The absorption spectra of
(R-MBA);MogCli4 and (S-MBA);MogClyy tetrakis hexahedra. b) The CD spectra of (R-MBA);MogCly4 and (S-MBA);MogCly4 tetrakis hexahedra. c)
The band structure and PDOS of (R-MBA);MogCly4 tetrakis hexahedron. d) The isosurface plots of the VBM and CBM wave functions of

(R-MBA);MogCly4 tetrakis hexahedron.

observed (as shown in Figure 4a). The emission spectra of (R-
MBA),MosCly; and (S-MBA),MosCly, tetrakis hexahedra
after 3 months of storage were also measured and shown in
Figure S6a,b, which confirms the excellent optical stability of
these chiral molybdenum halide tetrakis hexahedra. The dual-
band emission peak originated from the different states. It is
considered that the high-energy peak originates from bright
excitons, while the low-energy band is a convolution of triplet-
bright and singlet-dark excitons.[*”! The detailed emission
mechanism has been explained in the lateral part by using
four-state spin sublevel model. The Commission International
de I’Eclairage (CIE) coordinates of (R/S-MBA),MoCl,4 are
0.63 and 0.35 (as shown in Figure 4b), which closely match
the standard red emission coordinates (0.67 and 0.33) in
the National Television Standard Committee (NTSC).[>’ The
photographs of (R-MBA),MosCly; and (S-MBA),MoCl;4
crystals under daylight and UV light are also shown in Figure
S7. Therefore, such high color purity of (R-MBA),MosCly4
and (S-MBA),Mo,Cl;4 makes them promising candidates as
pure deep-red CPL emitters.

In addition, the emission wavelengths of these chiral
molybdenum halide clusters were also compared with the
other previously reported chiral metal halides (as depicted
in Figure S8), illustrating that the emission of our chiral
tetrakis hexahedra covers a wider range of the visible
spectrum.[?2232651] The PLQY of (R-MBA),MoCly, and (S-
MBA),MosCly4 is 7.58% and 7.41%, respectively, as shown

Angew. Chem. Int. Ed. 2025, 64, 202502029 (4 of 8)

in Figure S9. We also compared the PLQY of the previously
reported achiral molybdenum compounds with our chiral
cluster, and a significantly increased PLQY is observed (as
shown in Figure $10).[%?]

To further investigate the chiroptical properties of the (R-
MBA);MosClyy and (S-MBA),MosCly, tetrakis hexahedra,
their CPL spectra were measured and shown in Figure 4c.
The mirror-symmetric CPL spectra of (R-MBA);MosCly4
and (S-MBA),Mo¢Cly; range from 650 to 700 nm were
observed, confirming that they are promising candidates as
pure deep-red CPL emitters. The CPL peaks are consistent
with the PL spectra as discussed above, providing further
evidence of successful chirality transfer from chiral cations
to the molybdenum halide. The luminescence dissymmetry
factor (gum) of the CPL was then calculated by using
Equation 3,[33-%]

I —Ir
I+ I

8lum = (3)

where [, and Irx depict the intensities of the left- and
right-handed CPL, respectively. The gum evaluated for
(R-MBA);Mo4xClyy and (S-MBA),MosCly; at 658 nm are
6.07 x 107* and —5.64 x 10~*, while at 698 nm are
—6.30 x 107* and 9.10 x 107%, respectively, as shown in
Figure S11.
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Figure 4. Luminescent properties of (R-MBA);MogClis and (S-MBA);MogClyy tetrakis hexahedra. a) The PL spectra of (R-MBA);MogCly4 and
(5-MBA);MogCly4 tetrakis hexahedra excited at 375 nm. b) The CIE spectra of (R-MBA);MogCly4 and (S-MBA);MogClyy tetrakis hexahedra. c) The
CPL spectra of (R-MBA);MogCly4 and (S-MBA)2MogClyy tetrakis hexahedra. d) The temperature-dependent emission spectra of (R-MBA);MogClyy
tetrakis hexahedron excited at 375 nm. e) The temperature-dependent emission spectra of (S-MBA);MogCly4 tetrakis hexahedron excited at 375 nm.
f) The temperature-dependent lifetime spectra of (S-MBA);MogCly4 tetrakis hexahedron.

To gain a deeper understanding of the emission mech-
anism in (R-MBA),MosCly; and (S-MBA),MosCly4 tetrakis
hexahedra, temperature-dependent PL spectra were mea-
sured over a range from 80 to 340 K and presented in
Figure 4d,e. A strong correlation between the broadness
of the emission peak and temperature is observed, which
indicates enhanced optical phonon scattering with increasing
temperature. As the temperature increases, a weak peak at
approximately 658 nm becomes prominent at 160 K, repre-
senting the redshift from the existing peak around 700 nm.
The monotonic decrease in the emission intensity with the
temperature increases from 80 to 340 K. This behavior should
be attributed to the suppression of nonradiative decay due
to thermally populated vibrational states, as discussed in the
subsequent section.[7-%]

To further explore the photophysical dynamics of
these chiral molybdenum halide clusters, the temperature-
dependent lifetime of (S-MBA),MosCly; was measured
across the 80-280 K range, as shown in Figure 4f. The average
PL lifetime (7,y) is well-fitted with a bi-exponential function
based on Equation 4,>%¢]

n 22
Tay = Zi:l ki (4)

QT

here, 7; represents the decay time of the iy, component,
and «; represents the amplitude of the i, component. The
PL lifetimes for (R-MBA),MosCly; and (S-MBA),Mo4Cl;4
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at room temperature are 113.83 and 113.87 ps at 658 nm
and 114.14 and 113.77 ps at 698 nm, respectively, as shown
in Figure S12. This prolonged lifetime is attributed to
electron-phonon coupling, which enhances defect tolerance
and stability by suppressing catrier recombination.[®!]

The radiative (k) and nonradiative decay constants (ki)
of (R-MBA),Mo¢Cly4 and (S-MBA),MosCly, tetrakis hexa-
hedra are then calculated based on PLQY and PL lifetime
(as summarized in Tables S3 and S4). The calculated k, at
658 nm is 6.66 x 107 and 6.51 x 10? s~! for (R-MBA);MosCl4
and (S-MBA),MosCly4, respectively, while k,, is 8.12 x 103
and 8.13 x 10° s7!, respectively. Similarly, the calculated k;
at 698 nm is 6.64 x 10*> and 6.51 x 10%> s~!, while k,, is
8.10 x 10° and 8.14 x 10° s7! for (R-MBA);MosCl;4 and
(S-MBA),MosCly4, respectively. These decay constants are
comparable to the previously reported Mo halide clusters.
The smaller k. should be due to the symmetric and spin-
forbidden radiative transition from the excited state to the
ground state,[°>%3] while the reduced k., values reflect the
increased structural rigidity of our clusters and thus contribute
to an improvement in PLQY.[%]

The averaged PL lifetime (z(T)) of (S-MBA),MosCly4
from 80 to 280 K was then systematically investigated, which
exhibits an inverse relationship with the temperature, as
illustrated in Figures 4f, S13, S14, and Table S5. To gain
deeper insight into the emission mechanism, an excited four-
state spin sublevel model (®,, n = 1, 2, 3, 4) was employed.
In this model, the singlet exciton (S;) undergoes the fast
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intersystem crossing (ISC) to the triplet (T;) state owing to
the strong spin-orbit coupling (SOC) of molybdenum. During
this process, the change in spin momentum (i.e., the change in
spin quantum number, ») is compensated by a corresponding
change in the angular momentum (i.e., a change in the
azimuthal quantum number, / > 1). Then the degenerated
T state of (R-MBA),MosCly4 and (S-MBA ),MoCly4 will be
split into four spin sublevels (®,) due to the generation of
zero-magnetic field (ZFS). The excited state behavior of our
system was further analyzed by using Equation 5.[%°]

> gnexp (—AEy,/ksT)
Z % exp (_AEln/kB T)

T (T) = 5)

where g, (n =1,2,3, 4, g1=g=2, =1, and g4= 3),
represents the multiplicity of the different states in the
designed system serving as the statistical weight in the
equation, and 7, is the emission lifetime of &, respectively.
The analysis of the t(T) was carried out by using z,, (n = 1-4)
and the zero-field splitting energy between ®; and @, (n = 2-
4, AE,,) as the fitting parameters. The AE), is fixed to 0.50
meV for the simulations, as the splitting between ®; and @, is
attributed to the Jahn-Teller distortion.

The fitting results for the four-state spin sublevels (®n,
n = 1-4) are given in Figure 5. The four-state spin sublevel
model focuses specifically on spin-dependent transitions
within the Mo cluster (not the MBA ligand). The S, and S;
represent the spin sublevels of the Mo cluster’s excited-state
manifold, consistent with the electronic structural analysis in
Figure 3c,d. The chiral ligand does not directly participate
in the spin sublevel transitions modeled here. These results
reveal that the two emission bands originate from relaxations
of different excited states. At lower temperatures, electrons
lack sufficient kinetic energy to overcome the potential
barrier. As the temperature increases, electrons accumulate
larger kinetic energy, enhancing the possibility of crossing
the barrier. Consequently, the population of electrons in
lower-energy states decreases. In contrast, electrons in higher-
energy states become more populated at room temperature,
leading to the observed dual-band emission in the designed
tetrakis hexahedra.[00¢7]

Angew. Chem. Int. Ed. 2025, 64, 202502029 (6 of 8)

Research Article

Angewandte
intematianalEdition’y Chemie

Conclusion

In summary, the first chiral molybdenum halide, (R-
MBA),MosCly4 and (S-MBA),MosCly, tetrakis hexahedra,
were synthesized to construct the deep-red CPL emitters.
The combination of the unique optical properties of molyb-
denum halide with chirality produces the mirror-symmetric
tetrakis hexahedra structures in (R-MBA),MosCl, and (S-
MBA),MosCly4. These chiral molybdenum halide clusters
exhibit the 24 unique 3c¢-2e Mo—Mo—Cl bond (the so-called
multicenter bonds), which are rarely reported in traditional
chiral metal halides. The -chiroptical properties of (R-
MBA),MosCly4 and (S-MBA),MosCly, tetrakis hexahedra,
including CD and CPL, were thoroughly investigated, and it
was found that they exhibit efficient deep-red CPL emission,
extended lifetimes, enhanced optical stability, and improved
PLQY compared to their achiral counterparts. The four-
state spin sublevel model reveals that the dual-band emission
arises from the temperature-dependent exciton dynamics.
Our findings expand the family of lead-free chiral metal
halides and offer valuable insights into the development of
novel chiral lead-free metal halides with efficient deep-red
CPL emission.
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