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Chiral metal-organic frameworks (CMOFs) have garnered significant attention for their remarkable
potential in circularly polarized luminescence (CPL) applications. This study employs circularly polarized
fluorescence energy transfer (CPF-ET) as a pivotal strategy for engineering CPL-active CMOFs. Three
pairs of structurally analogous CMOFs (L/D-1, L/D-2, and L/D-3) were synthesized by coupling
homochiral imidazolium dicarboxylates (L/D-H,IDPA) with terephthalic acid (TPA) derivatives. These
CMOFs displayed distinctive fluorescence and persistent afterglow phosphorescence. As anticipated,
these compounds demonstrated outstanding CPL performances, with |gim| values reaching up to 0.55
in their single-crystal form. Mechanistic studies revealed a strong correlation between the asymmetry
factor and CPF-ET efficiency. These extraordinary CPL properties were leveraged for groundbreaking
applications, such as chiral logic devices for sophisticated information encryption. This work lays a robust
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Introduction

Circularly polarized luminescence (CPL) refers to the emission
of circularly polarized light from an excited chiral luminescent
system, characterized by pronounced differences in polariza-
tion between left- and right-handed circularly polarized
states. Materials exhibiting CPL characteristics have shown
considerable promise for a broad range of applications,
including anti-counterfeiting, 3D imaging, and optical data
storage.” Recently, circularly polarized fluorescence energy
transfer (CPF-ET), an advanced extension of Forster resonance
energy transfer (FRET), has emerged as a novel mechanism that
integrates the chirality transfer with energy transfer processes,
providing enhanced insights into the generation and amplifi-
cation of CPL signals.** Within this system, a critical factor
influencing CPL is the degree of energetic compatibility
between the donor and acceptor.”®** Specifically, when the
emission spectrum of the chiral moiety (donor) overlaps with
the absorption (or excitation) spectrum of the luminescent
moiety (acceptor), the CPL phenomenon can be initiated
through the CPF-ET process in the overlapping spectral region
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into state-of-the-art optoelectronic technologies.

(Scheme 1a).**** Furthermore, the extent of spectral overlap
exhibits a direct, positive correlation with CPL efficiency. As
a result, CPF-ET provides a robust foundation for the rational
design and synthesis of CPL-active materials.

Chiral metal-organic frameworks (CMOFSs) represent a class
of chiral crystalline materials characterized by a periodic
network structure, wherein metal ions or clusters are coordi-
nated with organic ligands through self-assembly.’*** These
materials exhibit exceptional structural tunability and design
flexibility, making them highly promising for CPL.>>*> Among
the various methods for constructing CPL-active CMOFs,
a straightforward approach involves the dual-ligand strategy,
where two independent ligands—one imparting chirality and
the other exhibiting luminescent property—are simultaneously
integrated into a single MOF structure.**” Furthermore, prior
to the assembly process, CPF-ET can be utilized to predict the
potential CPL performance of various ligand combinations,
thereby minimizing the trial-and-error nature of the experi-
mental design. Homochiral imidazolium dicarboxylates, such
as L/D-H,IDPA, represent an innovative class of chiral ligands
with considerable potential for constructing functional CMOFs
and are actively being investigated in our laboratory.?®?** Addi-
tionally, terephthalic acid (TPA) and its derivatives, as easily
accessible aromatic ligands exhibiting excellent luminescent
properties are extensively employed in the construction of
luminescent MOFs.***> Based on the principles of CPF-ET, we
analyzed the compatibility between the emission spectrum of L/
D-H,IDPA and the absorption spectrum of TPA. Notably,
a significant overlap between these spectra was observed, which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Schematic illustration of the CPL mechanism within CPF-ET. (b) Our design strategy of CPL-active CMOFs via CPF-ET.

increased further upon the introduction of functional groups
such as hydroxyl or amino groups to modify the electronic
properties of aromatic rings (Scheme 1b and Fig. S5-S77). Based
on these preliminary experimental results, we propose that the
co-assembly of L/D-H2IDPA and TPA derivatives into a CMOF
may effectively activate the CPF-ET process, resulting in
outstanding CPL performance.

Building upon these considerations, we employed a dual-
ligand strategy, incorporating L/D-H,IDPA and TPA derivatives
to coordinate with zinc ions, resulting in the successful
synthesis of three pairs of structurally analogous CMOFs,
denoted as L/D-1, L/D-2, and L/D-3. Optical performance eval-
uations demonstrated that these compounds exhibited excep-
tional CPL characteristics, as evidenced by |gium| values on the
order of 10™" observed in their single-crystal form. Further
analysis confirmed a direct positive correlation between the
magnitude of |gium| and the extent of spectral overlap, providing

strong evidence for the scientific validity of CPF-ET as a guiding
principle in the design of CPL materials. Subsequently, we
experimentally confirmed their significant potential for appli-
cations in information encryption. This study not only presents
a novel perspective on the design and synthesis of CPL mate-
rials but also expands the practical applicability of these
advanced materials.

Results and discussion
Structural characterizations

Colorless crystals of L-1, with the chemical formula Zn,[L-
IDPA],TPA, were synthesized through a one-pot hydrothermal
reaction, utilizing a mixture of Zn(NO;),-6H,0, L-H,IDPA, and
TPA in a mixed solvent system consisting of DMF, EtOH, and
H,O0. Single-crystal X-ray diffraction (SXRD) analysis confirmed
that L-1 crystallizes in the orthorhombic crystal system, with the

Fig. 1
The C—H-m interaction between adjacent layers of L-1, L-2, and L-3.

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) Diagrams illustrating the secondary building units and layer structures of L-1. (b) 3D stacking diagrams along the b-axis of L-1. (c)-(e)
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Fig.2 Simulated and measured PXRD patterns of (a) L/D-1, (b) L-/D-2, and (c) L/D-3. Ultraviolet-visible absorption spectra of (d) L/D-1, (e) L/D-2,

and (f) L/D-3. The CD spectra of (g) L/D-1, (h) L/D-2, and (i) L/D-3.

space group P2,2,2; (Table S1t). The binuclear zinc paddle-
wheel secondary building units (SBUs) of L-1 are constructed
through coordination with two Zn(u) ions, one TPA ligand, and
two IDPA ligands (Fig. S8f). A pair of IDPA ligands bridges
adjacent binuclear Zn units, thereby forming double-chain
structures. These one-dimensional (1D) double-chain struc-
tures further assemble into two-dimensional (2D) layered
structures through the coordination of TPA ligands (Fig. 1a).
These 2D layers are arranged in parallel and stacked in an
...ABAB... configuration along the b-axis, resulting in a three-
dimensional (3D) framework. Within this 3D framework, the
interlayer distance between adjacent parallel layers measures
7.17 A (Fig. 1b). Additionally, an intermolecular interaction
between layers is observed, specifically a C-H-m interaction
between the hydrogen atom of the methyl group in the IDPA

10744 | Chem. Sci, 2025, 16, 10742-10749

ligand and the imidazole ring of the adjacent IDPA ligand, with
distances of approximately 3.22 A and 2.97 A (Fig. 1c).

Under analogous reaction conditions, we successfully
synthesized [Zn,(L-IDPA),(ATPA)] (L-2) and [Zn,(L-IDPA),(-
DHTA)] (L-3), achieved by substituting TPA with 2-amino-
terephthalic acid (ATPA) and 2,5-dihydroxy-terephthalic acid
(DHTA), respectively (see ESIf Experiment section). Single-
crystal X-ray diffraction analysis confirmed that L-2 and L-3
are isomorphous with L-1, exhibiting consistent coordination
environments and bonding modes (Tables S1 and S8t). As
a result, detailed descriptions of their structures are omitted
here. The primary structural difference lies in the subtle change
of the interlayer distance, which is induced by the additional
substituents on the TPA ligand. This results in an expansion of
the interlayer distance to 7.33 A and 7.48 A, respectively, leading
to C-H-T interactions in the adjacent layers of 2.90 A, 2.92 A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Images of single crystals and powders of L-1, L-2, and L-3 in daylight, under UV irradiation at 365 nm, and L-1 long afterglow

photographs. (b) and (c) present the fluorescence spectra and fluorescence lifetimes of L-1, L-2, and L-3, respectively. (d) and (e) show the
phosphorescence spectra and phosphorescence lifetimes of L-1, L-2, and L-3, respectively.

and 3.19 A, 2.95 A, respectively (Fig. 1d, e and S12t). Addition-
ally, the D-enantiomers of these compounds, denoted as D-1, D-
2, and D-3, were successfully synthesized by substituting the
homochiral L-H,IDPA with D-H,IDPA.

Stability and light absorption properties

Powder X-ray diffraction (PXRD) analysis of the three compound
pairs revealed sharp and well-defined diffraction patterns,
which exhibited a high degree of congruence with the theoret-
ical simulations, thereby unequivocally validating their excep-
tional crystalline quality and phase purity (Fig. 2a-c). To assess
the chemical stability of these compounds, pristine samples
were subjected to treatment with 11 common solvents (MeOH,
EtOH, H,0, DMF, Acetone, cyclohexane, 1,4-dioxane, dichloro-
methane, trichloromethane, tetrahydrofuran, Acetone) for
seven days, as well as with aqueous solutions of varying pH
levels (ranging from 2 to 12) for 24 hours (Fig. S15 and S167).
The PXRD patterns, which demonstrated the preservation of
crystallinity, strongly indicated the remarkable chemical
stability of these compounds. Additionally, thermogravimetric
analysis (TGA) results confirmed the exceptional thermal
stability of these complexes, which maintained their structural
integrity even at elevated temperatures of approximately 335 °C
(Fig. S177). The solid-state UV-visible absorption spectra of L-1,
L-2, and L-3 display distinct absorption peaks within the
wavelength range of 200-800 nm (Fig. 2d-f). Further analysis
shows that the absorption peaks of L-2 and L-3 shift to the long

© 2025 The Author(s). Published by the Royal Society of Chemistry

wave region compared with L-1. The main reason is that L-2 and
L-3 not only retain the same m-7* and n-m* transition char-
acteristics as L-1, but also trigger an additional p-m* transition
process when the -OH and -NH, substituents are incorporated
into the TPA conjugate system. It is the new electron transition
pathway brought about by these substituents that leads to the
redshift of the absorption peak position of L-2 and L-3.** To
confirm the chirality of these CMOFs, circular dichroism (CD)
spectroscopy was performed on solid-state samples prepared
via the potassium bromide (KBr) pellet method at ambient
temperature. The CD spectra of enantiomeric pairs L/D-1, L/D-2,
and L/D-3 displayed pronounced Cotton effects with mirrored
signals across the 200-600 nm range, unambiguously validating
their chiral characteristics and absolute configurations (Fig. 2g-

i).

Photoluminescence properties

Upon air-drying, the crystals of L-1, L-2, and L-3 exhibited
consistent bulk morphologies and emitted blue, dark blue, and
cyan fluorescence under UV illumination (365 nm). Remark-
ably, L-1 exhibited a visible afterglow persisting for up to 6
seconds after the UV light source was extinguished (Fig. 3a).
Room-temperature fluorescence measurements revealed
a progressive increase in emission intensity for L-1, L-2, and L-3
within the 400-550 nm wavelength range (Fig. 3b). This is due to
the increase of electron-donating substituents (-NH, and -OH)
on the benzene ring of the luminous ligand of the crystal, which

Chem. Sci., 2025, 16, 10742-10749 | 10745
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Fig. 4 CPL spectra of compounds: (a) L/D-1, (b) L/D-2, (c) L/D-3. Mechanism analysis with CPF-ET: (d) D-1, (e) D-2, (f) D-3.

enhances the conjugation effect of the MOFs structure, thus
promoting the enhancement of the fluorescence intensity of the
crystal. The fluorescence lifetimes of L-1, L-2, and L-3 were
determined to be 5.30 ns, 3.69 ns, and 4.15 ns, respectively
(Fig. 3c). Furthermore, the fluorescence quantum yields of L-1,
L-2, and L-3 were calculated to be 6.42%, 1.76%, and 4.37%,
respectively (Fig. S19-5217). Phosphorescence testing indicates
that all three crystals exhibit distinct phosphorescent emissions
(Fig. 3d). Among them, L-1 demonstrates the most pronounced
phosphorescence, characterized by a lifetime of 77, = 120 ms.
In comparison, L-2 and L-3 exhibit slightly shorter lifetimes of
T, = 72 ms and 13 = 65 ms, respectively (Fig. 3e). The
difference of crystal phosphorescence lifetime is mainly caused
by the increase of the crystal layer spacing of L-1, L-2, and L-3,
which decreases the intersystem crossing (ISC) efficiency of the
crystal, and then leads to the decrease of crystal phosphores-
cence lifetime.

Circularly polarized luminescence performances

Subsequently, a comprehensive investigation was conducted on
the CPL properties of the three pairs of enantiomeric CMOFs.
To ensure data consistency and reproducibility, we systemati-
cally selected single crystals with an approximate diameter of
200 pm as test samples at room temperature and employed
crystal facets oriented along the (100) direction for CPL
measurements. Under the optimal excitation wavelength of

10746 | Chem. Sci, 2025, 16, 10742-10749

340 nm, 480 nm and 480 nm, L/D-1, L/D-2, and L/D-3 demon-
strate distinct mirror-symmetric CPL signals spanning the 400-
700 nm wavelength range, with corresponding gy, values of
+0.22, +0.35, and +0.55, respectively (Fig. 4a-c). To our
knowledge, these significantly enhanced asymmetry factors
position them at the forefront of reported CPL-active CMOFs
(Table S31). In addition, we utilized CPF-ET to perform
a preliminary qualitative analysis of the origins and amplifica-
tion of the CPL properties of these CMOFs. Through compara-
tive analysis, we observed that the CPL signals of each D-CMOF
emerge in the overlapping region of the fluorescence emission
spectrum of D-H,IDPA and the absorption spectrum of the
corresponding TPA derivatives (Fig. 4d-f). Additionally, the
magnitude of the |g,m| value exhibits a positive correlation with
the extent of the overlapping region. These experimental results
are in agreement with our previous predictions, further vali-
dating that CPL performance is directly correlated with the
efficiency of CPF-ET. This finding offers robust empirical
support for our research and further emphasizes the critical role
of CPF-ET in guiding the synthesis of CPL-active materials.

Applications

By harnessing the highly tunable photoluminescent properties
and stimulation-responsive chiral luminescence exhibited by
the three enantiomeric pairs of compounds, these materials
emerge as promising candidates for applications in encryption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of application of luminescent crystals and their ligands in lock anti-counterfeiting. The picture on the left shows

four different combinations of locks, with 16 color variations under different conditions. Specifically included in daylight, flashlight, 365 nm, and
254 nm UV lights. The picture on the right shows the color change of the lock after the 365 nm and 254 nm UV lights are turned off to find the
correct lock that matches the key. (b) Color change of crystal patterns for L/D-1, L/D-2, and L/D-3 under 365 nm and 254 nm UV light, and in the
presence of L-CPL and D-CPL. (c) Physical electronic device with integrated chiral combinatorial logic gate. 365 nm, 254 nm, L-CPF, and D-CPF
are input 1, input 2, input 3, and input 4, respectively. Blue, dark blue, cyan, and chiral luminescence intensities are defined as output 1, output 2,

output 3, and output 4, respectively.

and anti-counterfeiting technologies. As shown in Fig. 5a, based
on the photoluminescence properties of the crystals, four
distinct “lock” patterns were generated by combining lumi-
nescent ligands (TPA, ATPA, DHTA) with the crystals (L-1, L-2,
and L-3). The four “locks” exhibit distinct characteristics: @-®
“lock tongues” are composed of TPA, ATPA, and DHTA,
respectively, while the “lock bodies” are uniformly derived from
the H,IDPA system, and the “lock cores” originate from the L-1,
L-2, and L-3 crystal systems, respectively. The fourth “lock” is
unique, as its “lock tongue”, “lock body”, and “lock core” are
ingeniously assembled from L-2, L-3, and L-1 crystals, respec-
tively. Upon exposure to various light sources, these four “locks”
exhibit 16 distinct color patterns, clearly demonstrating their
substantial potential for multi-color anti-counterfeiting appli-
cations. In a hypothetical scenario involving a key, the long
afterglow characteristics of the crystals can be utilized to match
the key with its corresponding “lock”. Upon irradiating these
four “locks” with 365 nm and 254 nm UV lamps for several
seconds, followed by turning off the lamps, it was observed that
only the fourth “lock” matched the key. This methodology
highlights the significant potential and broad application
prospects of the long afterglow properties of crystals in the
domains of information security and encryption.

Afterward, capitalizing on the remarkable CPL properties of
these crystals, we investigated their potential applications in the
optoelectronic domain. Initially, the L- and D-configurations of
three pairs of enantiomeric crystals were organized into distinct

© 2025 The Author(s). Published by the Royal Society of Chemistry

“O0” and “K” patterns, respectively. Under UV illumination at
365 nm and 254 nm, the crystals displayed pronounced and
distinguishable color variations. Upon applying a left-handed
circularly polarized filter (L-CPF) or a right-handed circularly
polarized filter (D-CPF) over the crystal patterns, the lumines-
cence intensities of the L- and D-type crystals exhibited varying
degrees of enhancement or attenuation (Fig. 5b). Building on
these observations, we designed a chiral-integrated combina-
tional logic device (Fig. 5¢). Four external stimuli were defined
as inputs: input 1 (365 nm), input 2 (254 nm), input 3 (L-CPF),
and input 4 (D-CPF). Inputs 0 and 1 denoted the absence and
presence of stimuli, respectively. At the output level, the emis-
sion color states of the crystals were employed to encode and
transmit information. Specifically, output 1 corresponded to
blue, output 2 to dark blue, and output 3 to cyan. The presence
or absence of these three colors states was further encoded as
binary digits, 0 and 1. Output 4 leveraged variations in chiral
luminescence intensity to convey information, with 0 and 1
signifying weakened and enhanced intensities, respectively.
These findings highlight the potential of this crystalline mate-
rial in advancing information security, data transmission, and
storage technologies.

Conclusions

In conclusion, this study demonstrates the successful design
and synthesis of CPL-active CMOFs using the CPF-ET

Chem. Sci., 2025, 16, 10742-10749 | 10747
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mechanism. By employing a dual-ligand strategy, three pairs of
CMOFs (L/D-1, L/D-2, and L/D-3) were synthesized, achieving
excellent photoluminescence characteristics and exceptional
|glum| values up to 0.55. A strong correlation between CPF-ET
efficiency and CPL performance was established, providing
valuable insights for the rational design of chiral luminescent
materials. The outstanding CPL properties of these CMOFs
enabled their application in chiral combinational logic devices,
highlighting their potential for information encryption and
optoelectronic technologies. This work not only advances the
understanding of CPL mechanisms but also paves the way for
the practical integration of CMOFs into advanced optical
systems.
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