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Abstract: Circularly polarized luminescence (CPL) in the ultraviolet B (UVB) region holds great potential applications in
asymmetric catalysis, enantioselective polymerization, and polarization-based optical anticounterfeiting and information
encryption. However, to date, the CPL materials in the UVB region remain unexplored. In this study, the first chiral
gadolinium-based organic–inorganic hybrid metal halides, (R/S-C3H7NF3)3GdCl6 (R/S-3F-Gd), were constructed, which
exhibit efficient CPL in the UVB region. Owing to the unique 4f-4f transition of Gd3+ ions, R/S-3F-Gd shows a high
photoluminescent quantum yield of 18%, a narrow full width at half maximum (∼3 nm) and a ultralong photoluminescence
lifetime (∼6.6 ms). Additionally, their CPL can be further tuned by applying the external magnetic field. Then the light-
emitting diode (LED) chips coated with R- or S-3F-Gd were also fabricated, which exhibit high dissymmetry factor
of + 9.1 × 10−3 and −8.2 × 10−3, further demonstrate their potential as circularly polarized light source in the UVB
region. Our work offers a novel strategy for designing the chiral luminescent materials with efficient CPL response in the
UVB region and broadens the family of chiral organic–inorganic hybrid rare-earth halides.

Introduction

Circularly polarized light in the ultraviolet B region (UVB)
has attracted considerable research interest due to its
widespread application prospects in optical information stor-
age or encryption, asymmetric catalysis, and enantioselective
polymerization.[1–7] Traditionally, circularly polarized light
in the UVB region can be generated through the physical
method by using a linear polarizer and a quarter-wave plate,
which can lead to half energy losses by the linear polarizer.[8,9]

Recently, developing the chiral luminescent materials that can
directly emit left- or right-handed circularly polarized lumi-
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nescence (CPL) has provided a novel strategy for reducing
the energy loss and achieving miniaturization of devices.[10,11]

However, owing to the band gap limitation, the development
of CPL-active materials with efficient UVB-CPL remains
unaddressed.

Recent research revealed that chiral organic–inorganic
hybrid metal halides (OIHMHs) are one of the best
candidates for circularly polarized light sources, owing to
their simple synthesis, flexible crystal structure and tunable
emission wavelength.[12–21] In the visible light region, chi-
ral OIHMHs with both high photoluminescence quantum
yield (PLQY) and large luminescence dissymmetry factor
(glum) have been extensively explored.[22–32] Trivalent rare-
earth ions (RE3+) have attracted wide research attention
in lighting applications due to their unique electronic con-
figurations, longer luminescence lifetime, narrow emission
bandwidth, and coverage of the entire emission spectral
region from the ultraviolet to the near-infrared region.[33–36]

As shown in Scheme 1, distinct from the broad emission
band originating from the f-d transitions of cerium (III) ions
(Ce3+), gadolinium (III) ions (Gd3+) exhibit the characteristic
narrow emission band associated with the 4f-4f electronic
transition.[37–39] On the other hand, the unique 4f7 electronic
configuration of Gd3+ gives rise to the lack of low-lying
energy levels and the relatively stable 8S7/2 ground state, which
results in the 4f-4f electronic transition of Gd3+ occurring in
the UVB region.[34] Recently, Gd3+ has attracted significant
attention in the field of magnetic refrigeration and ultraviolet-
emitting phosphors.[40–47] Therefore, coupling Gd3+ ions with
chirality to develop the Gd-based chiral OIHMHs is expected
to overcome the inherent bandgap limitations of conventional
chiral OIHMHs and realize the efficient CPL response in the
UVB region.
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Scheme 1. The first chiral Gd-based OIHMHs with efficient CPL in the
UVB region. Comparison between the emission wavelengths and
FWHM of chiral rare-earth-based OIHMHs reported in literatures and
this work.[32,38,39,48,49]

In this work, we constructed the first Gd-based chiral
OIHMHs, (R/S-C3H7NF3)3GdCl6 (R/S-3F-Gd), and system-
atically investigated their chiroptical properties. It is found
that these chiral Gd-based halides exhibit light emission in
the UVB region with a high PLQY of 18%, a narrow full
width at half maximum (FWHM) close to 3.03 nm, and long
photoluminescence (PL) lifetime estimated to be 6.6 ms. Most
importantly, the glum of R/S-3F-Gd at 312 nm can reach
1.54 × 10−3, and the figure of merit (FOM = PLQY × �glum�)
is comparable to other reported chiral OIHMHs. On the
other hand, the CPL of R/S-3F-Gd can be further modulated
by applying the external magnetic field. Then the light-
emitting diode (LED) chips coated with R- or S-3F-Gd
were also fabricated, which exhibit the high dissymmetry
factor of + 9.1 × 10−3 and −8.2 × 10−3 in the UVB
region. Therefore, these chiral gadolinium halides exhibit
great potential as the circularly polarized light source in
the UVB region, and our work offers a unique strategy to
construct the novel UVB-CPL materials and broaden the
family of chiral OIHMHs.

Results and Discussion

R/S-1,1,1-trifluoropropan-2-amine-hydrochloride are
employed to construct the chiral Gd-based OIHMHs.
The plate-like crystals were collected and the crystal
structures were determined by the single-crystal X-ray
diffraction (SCXRD). Both R- and S-3F-Gd crystallize into
the monoclinic system with the Sohncke space group of P21,
and the detailed cell parameters are summarized in Table S1.
The mirror-symmetric crystal structures and the nearly
identical cell parameters further confirm the enantiomeric
nature of the obtained chiral Gd-based OIHMHs. As shown

in Figure 1, the Gd3+ ion coordinates with six Cl− ions,
forming the isolated [GdCl6]3− octahedra. The distortion of
[GdCl6]3− octahedra can be quantitatively determined by the
bond length distortion index (D) and bond angle variance
(σ 2), which are summarized in Table S2.[50,51] Compared
with the previously reported achiral Gd-based OIHMHs,
the octahedral of our chiral gadolinium halides exhibit
much larger D and σ 2,[52–54] which further confirms that
chirality has been successfully transferred to the inorganic
framework through the chiral organic cations.[55,56] The
Wilson statistics and cumulative intensity distributions of X-
ray reflections also corroborate that R/S-3F-Gd contains the
non-centrosymmetric inorganic units (Figures S1 and S2).[51]

The Hirshfeld surfaces analysis and corresponding two-
dimensional (2D) fingerprint plots of R-3F-Gd further reveal
that strong hydrogen bonding interactions exist between
the organic cations and inorganic octahedron (Figure S3).
The N-H···Cl interactions are the dominant type, accounting
for 82.9% of the total interactions and play a key role in
stabilizing the crystal structure.[25,57] The octahedra are
isolated by the chiral cations in three directions, forming the
typical zero-dimensional (0D) structure. Subsequently, the
powder X-ray diffraction (PXRD) was performed, and the
simulated and experimental results match very well, which
indicates that the prepared R- and S-3F-Gd powders possess
high phase purity (Figure S4). As shown in Figures S5 and S6,
the energy dispersive spectroscopy (EDS) mapping confirms
the uniform distribution of all elements in R- and S-3F-Gd.
Furthermore, the presence of C, N, F, Cl, and Gd elements was
further confirmed by the X-ray photoelectron spectroscopy
(XPS). The high-resolution XPS spectra show that Gd 4d5/2

and Gd 4d3/2 peaks are located at 143.8 eV and 149.8 eV,
which indicates the + 3 valence of the Gd ions in R- and
S-3F-Gd (Figure S7).[58–60] The thermogravimetric analysis
(TGA) confirms that R- and S-3F-Gd exhibit excellent
thermal stability with a degradation temperature of 178 °C
(Figure S8), which indicates these materials are suitable for
device application as discussed below.[32,39,61]

The ultraviolet–visible (UV–vis) absorption and circular
dichroism (CD) spectra are then measured and shown in
Figures 2a and S9. Both R- and S-3F-Gd exhibit similar
absorption bands, and the Tauc plot reveals that the bandgap
of R-3F-Gd is approximately 2.49 eV (Figure S10). As
shown in Figure S11, the CD signal of R- and S-3F-Gd
is mirror symmetric, further confirming that the chirality is
successfully transferred from the chiral organic cations to the
inorganic gadolinium halide skeleton. On the other hand, the
vibrational circular dichroism (VCD) was also measured. As
shown in Figure 2b, the infrared (IR) spectra of R- and S-3F-
Gd are nearly identical from 1020 to 1340 cm−1, which are
associated with the C-N, C-F, and C-C stretching vibration,
together with the C-H bending vibration. Meanwhile, the
VCD spectra are almost mirror-symmetric, which further
supports the enantiomeric nature of R- and S-3F-Gd.[62,63]

To further investigate the optical and electronic properties
of these chiral Gd-based OIHMHs, the spin-polarized elec-
tronic band structures, density of states (DOS), the isosurface
plots of the wave functions, and the transition dipole moments
(TDM) were calculated based on density functional theory
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Figure 1. The crystal structures of a) R-3F-Gd and b) S-3F-Gd. C, N, F, Cl, and Gd are represented by the light gray, purple, blue, red, and pink spheres,
respectively. H atoms are omitted for clarity.

Figure 2. a) The UV–vis absorption spectra of R- and S-3F-Gd. b) The experimental VCD and IR spectra for R- and S-3F-Gd.

(DFT). As shown in Figure 3a,b, the flat electronic bands in
both the spin-up and spin-down channels are consistent with
the typical 0D features of OIHMHs.[64]

In the UV–vis absorption spectrum, there are three
absorption peaks, which are labeled as peak 1, 2 and 3. Since
peak 1 and 2 are similar in both peak shape and position,
they should belong to the same type of electronic transition.
Owing to the relatively large ion radius of Gd3+, which results
in higher effective nuclear charge that weakens the covalent
bond between Gd and Cl. This reduction in covalency leads
to weaker hybridization between the Gd 4f and Cl 3p orbitals,
which allows for two distinct transitions: one arises from the
electronic transition from Cl 3p to Gd 4f orbitals, while the
other corresponds to the typical f-f transitions from Gd 4f to
Gd 4f orbitals.[52]

The square of the TDM reflects the transition probability
between the valence and conduction bands, with higher
value indicating more favorable transitions. As shown in
Figures S12–S17, the calculated results show that for the
type of Cl 3p to Gd 4f transition, significant contributions
are observed in the spin-up channel for transitions such
as 191→206, 199→203, 200→203, 201→204, 201→205, and
202→205, and in the spin-down channel for transitions such
as 186→203, 186→204, 186→211, 187→200, 188→193, and
188→205. The excitation energy range for the spin-up tran-
sitions matches that of peak 2, whereas the excitation energy

range for the spin-down transitions corresponds to peak 1. For
the Gd 4f to Gd 4f transitions, the main contributors in the
spin-up channel are transitions such as 159→206, 159→207,
160→203, 160→205, 163→207, and 163→208, with their
excitation energy range aligning with peak 3. Furthermore,
by plotting the wavefunction isosurface diagrams of these
key transitions, the orbital origins of each transition can be
visually confirmed. As shown in Figures S15–S17, for peak 1
and 2, the corresponding transitions originate from Cl 3p to
Gd 4f orbitals, whereas for peak 3, the transition occurs from
Gd 4f to Gd 4f orbitals (Figure 3c,d). Overall, the calculated
electronic structures are in good agreement with the experi-
mental absorption spectra, which emphasizes the crucial role
of the unique 4f7 electronic configuration of the Gd(III) ion
in determining the optical properties of our chiral OIHMHs.

The excited state dynamics of R- and S-3F-Gd were
then investigated by using the steady-state PL, corresponding
PL excitation (PLE) and time-resolved photoluminescence
(TRPL) spectra. In the PLE spectra, three peaks centered at
247, 254 and 274 nm are observed, which correspond to the
8S7/2→6D7/2, 8S7/2→6D9/2 and 8S7/2→6Ij (j = 7/2, 9/2, 11/2, 13/2,
15/2, and 17/2) transitions, respectively (Figure 4a).[44,65–67]

Upon excitation at 274 nm, both R- and S-3F-Gd exhibit
the same emission centered at 306 and 312 nm in the UVB
region (Figures 4b and S18).[68] The shoulder emission peak is
assigned to the 6P5/2→8S7/2 transition, whereas the strongest
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Figure 3. The calculated spin-polarized electronic band structures and partial DOS of R-3F-Gd, a) spin-up and b) spin-down. The isosurface plots of
the wave functions of R-3F-Gd, c) 160→205 of the spin-up channel and d) 186→203 of the spin-down channel.

Figure 4. a) The PLE spectra of R-3F-Gd under emission at 312 nm (j = 7/2, 9/2, 11/2, 13/2, 15/2, and 17/2). b) The PL spectra of R-3F-Gd under
excitation at 274 nm. c) The time-resolved PL decay curves of R- and S-3F-Gdmonitored at 312 nm. d) The CPL spectra of R- and S-3F-Gd. e) The
corresponding glum spectra of R- and S-3F-Gd. f) Comparison between the emission wavelength and FWHM of the ultraviolet CPL materials reported
in literatures and this work.
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Figure 5. a) The CPL spectra of the LED chips coated with R- and S-3F-Gd. b) The corresponding glum spectra of the LED chips coated with R- and
S-3F-Gd. The insets show photographs of the LED chip coated with R-3F-Gd.

emission peak is attributed to the 6P7/2→8S7/2 transition of
Gd(III) ions. The TRPL spectra are shown in Figure 4c,
and the PL lifetime of R- and S-3F-Gd is estimated to
be 6.67 and 6.46 ms, respectively. The longer lifetime at
the millisecond level arises from the 4f-4f Laporte (parity)
forbidden transitions,[69] and the FWHM centered at 312 nm
is around 3.03 nm at room temperature. The narrow emission
is attributed to the quasi-atomic behavior of Gd3+ ions
benefiting from the shielding effect by the external 5 s and
5p electrons, which maintain the 4f-4f electronic transitions
undisturbed by the external coordination environment.[34,48]

Moreover, the PLQYs of R- and S-3F-Gd can reach up to
17.70% and 18.24% (λex = 274 nm) at room temperature
(Figure S19).

To further explore the chiroptical properties, the CPL
spectra of R- and S-3F-Gd are measured upon 274 nm
excitation, and shown in Figure 4d. The obvious mirror-
symmetric CPL signals are observed from 300 to 320 nm and
the CPL peaks are located at 312 nm. To further quantify
the dissymmetry of the circularly polarized emission, glum

is calculated by glum = 2(IL − IR)/(IL + IR), where IL and
IR represent the intensities of the left- and right-handed
CPL.[70,71] As shown in Figure 4e, the calculated glum of R-
and S-3F-Gd at 312 nm is + 1.54 × 10−3 and −1.33 × 10−3,
respectively. To the best of our knowledge, this is the first
report of chiral materials with CPL in the UVB region
(Figure 4f).

Moreover, the FOM was also calculated to evaluate the
CPL brightness, as defined by Equation (1).[39,72]

FOM = |glum| × PLQY (1)

As shown in Table S3, the calculated FOM of R- and
S-3F-Gd are 0.27 × 10−3 and 0.23 × 10−3, respectively.
Compared with the reported FOM in literatures, R- and S-
3F-Gd exhibit comparable FOM but achieve CPL in the UVB
region (Figure S20).

The influence of the external magnetic field on the CPL of
R- and S-3F-Gd was also investigated at ± 1.6 T. As shown
in Figure S21, the CPL intensity of the 6P7/2→8S7/2 transition
of Gd3+ ion in R-3F-Gd is significantly enhanced under an
external magnetic field of −1.6 T, while which is greatly
decreased when the magnetic field increases to +1.6 T. For
S-3F-Gd, the influence of external magnetic field is reversed.

Moreover, the glum of R-3F-Gd can be enhanced by 71% from
1.64 × 10−3 (0 T) to 2.81 × 10−3 (-1.6 T), while which reduced
by −69% to 0.51 × 10−3 at +1.6 T (Table S6). Therefore, the
CPL response of the 4f − 4f transitions in the UVB region
can be modulated by the external magnetic field, which is
associated with the unique half-filled electron configuration
of Gd (III) ions.

Furthermore, the narrow UVB-CPL properties of these
chiral gadolinium halides further inspire us to fabricate the
circularly polarized LEDs. The R- and S-3F-Gd powders
were dispersed in polymethyl methacrylate (PMMA), which
were further spin-coated onto the commercial UV-LED chips
(275 nm, 600 mW). Subsequently, the CPL performance of the
Gd-based LED was measured and shown in Figure 5a. The
mirror-symmetric CPL signals with the prominent peaks at
312 nm were observed, and the calculated glum of R- and S-
3F-Gd are around + 9.1 × 10−3 and −8.2 × 10−3, respectively
(Figure 5b).

Conclusion

In summary, the first chiral gadolinium halides, R- and S-
3F-Gd were designed and constructed to achieve the CPL
response in the UVB region unprecedentedly. Structural char-
acterization, CD, VCD and CPL measurements demonstrate
that the chirality was successfully transferred from the chiral
organic cations to the inorganic gadolinium halide skeleton.
R- and S-3F-Gd exhibit highly efficient CPL in the UVB
region with PLQYs of 17.70% and 18.24%, which originates
from the 4f–4f transition of Gd3+. In addition, their CPL
signals can be further modulated by applying the external
magnetic field. Moreover, the LED chips coated with R- and
S-3F-Gd exhibit efficient UVB-CPL, which further confirms
their potential as the circularly polarized light source in the
UVB region. Our work offers a unique strategy to achieve the
efficient CPL response in the UVB region and broadens the
family of chiral organic–inorganic hybrid rare-earth halides.
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