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Symmetry breaking of rare earth Eu(in) complexes
with an achiral aromatic ligand: achieving strong
emission and ultra-narrowband circularly
polarized luminescence
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Narrowband circularly polarized luminescence (CPL) plays a critical role in fabricating high color purity
displays but is still in its infancy. Given the unique f—f transition of electrons in the 4f orbital, rare earth
complexes generally possess very narrowband emission. However, most of the chiral Eu(i) complexes
exhibit weak emission due to the limited light harvesting (absorption) ability of stereoscopic but non-aro-
matic ligands. Herein, achiral 1-(2-naphthoyl)-3,3,3-trifluoroacetone (NTA), including =-conjugated
naphthalene and B-diketone, as a coordinating moiety is employed to coordinate with Eu(i) to achieve
the metal—organic complex EUNTA. Benefiting from its immense absorption (¢ = 88 500 M~ cm™), the
luminescence quantum yield of EUNTA is as high as 91%. Due to the strong intermolecular t—n and
C—H---m interactions, purely chiral aggregates of symmetry breaking-induced A-EuNTA and A-EuNTA
have been successfully obtained through crystallization with spontaneous resolution, resulting in highly
asymmetric CPL with a dissymmetry factor of 1072 Impressively, A/A-EuNTA exhibits extremely narrow-
band CPL with a full width at half maximum of mere 5 nm. Such an achiral ©-conjugated ligand-induced
symmetry breaking strategy can achieve both strong emission and ultra-narrowband CPL, which is antici-
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Introduction

Circularly polarized luminescence (CPL), as a kind of excited-
state chirality, could be an ideal descriptor of chiroptical
activities.!™ Until now, CPL has received wide attention
because CPL exhibits left- or right-handed luminescence,
which can be regarded as part of a high-level visual perception
for supplying one more dimension of information compared
to conventional luminescence.® Thus, developing chiroptical
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functional materials with CPL plays a pivotal role in three-
dimensional displays,>® information encryption,”® and polar-
ization-based bioimaging.'® To realize high-contrast displays,
the International Telecommunication Union announced a
color purity standard in 2012,"" and a small full width at half-
maximum (FWHM) becomes a crucial parameter to evaluate
the performance of CPL materials. Nevertheless, most CPL
materials suffer from broadband emission with a large FWHM
of >60 nm due to their intrinsic vibronic coupling between
their ground and excited states."”™'®> Therefore, achieving nar-
rowband CPL with a small FWHM is still an unsolved issue
and considered as the bottleneck for further advancing CPL
application.

Given the unique f-f transition of electrons in the 4f
orbital, rare earth complexes generally possess very narrow-
band emission (FWHM < 10 nm),'®*° which makes chiral rare
earth complexes with high color purity CPL as ideal candidates
for high-contrast displays. Therefore, chiral ligands have been
widely employed to coordinate with lanthanide (Ln) metal ions
to construct chiral Ln complexes, especially for chiral Eu(m)
complexes with narrowband CPL and a high dissymmetry
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Fig. 1 Eu(m) complex with an achiral aromatic ligand for narrowband and emissive CPL. (a) Chiral Eu(i) complex with weak luminescence formed by
a chiral ligand. (b) A- and A-enantiomers with an achiral ligand obtained through symmetry breaking and enantioseparation. (c) A- and A-enantio-
mers of axial chiral Ln compounds with achiral bidentate ligands (3-diketone derivative and NTA) and the schematic representation of forming con-
glomerates with symmetry breaking and spontaneous resolution through n—= interaction and C—H---x interaction, achieving both ultra-narrowband

and strong-emission CPL.

factor (g value).>'>® However, most of the chiral Eu(m) com-

plexes exhibit weak emission with low quantum yields (QYs)
due to their limited light harvesting ability (absorption) result-
ing from non-aromatic structures (Fig. 1a)*°* or low energy
matching.”® Thus, there is an urgent demand to overcome the
dilemma between stereostructures for strong chirality and
n-conjugated structures for light harvesting. Accordingly, it is
rather significant to develop a new strategy capable of provid-
ing both strong emission and ultra-narrowband CPL.

Inspired by symmetry breaking in supramolecular assembly
through an achiral building block,**” C;-symmetric mono-
mers self-assembling into helical orientations***° and coordi-
nation complexes with propeller chirality*®*°
reported extensively (Fig. 1b). Herein, achiral 1-(2-naphthoyl)-
3,3,3-trifluoroacetone (NTA), including n-conjugated naphtha-
lene and p-diketone, is employed as a coordination moiety to
chelate with Ln(m) to construct a series of complexes (TEA)
[Ln(NTA),] (Ln = Sm, Eu, Tb, Dy, and Yb; TEA = tetraethyl-
ammonium) (Fig. 1c). Although NTA as an antenna effect
ligand has been widely used in lanthanide luminescent
materials,*"** its possible chiral properties have not been
explored.*’ Benefiting from intermolecular strong n-n and
C-H---x interactions, enantiopure A-LnNTA and A-LnNTA have

have been
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been successfully obtained as conglomerates without using
any chiral reagent or chiral column through crystallization
with spontaneous resolution, demonstrating high-dissymmetry
left- or right-handed CPL, respectively. With the enhancement
of structural aromatic degree using naphthalene, the light har-
vesting ability via absorption has been improved significantly,
resulting in highly emissive luminescence accordingly. By virtue
of this complex and chiral separation strategy, rare earth com-
plexes such as A-EuNTA and A-EuNTA enable narrowband,
emissive, and high-dissymmetry CPL with the following lumine-
scence features: (i) FWHM of 5 nm, (ii) QY of 91%, and (iii)
dissymmetry factor of 1072, This approach provides a general
strategy for overcoming the main dilemma: high luminescence
dissymmetry always suffers from suppression of emission
efficiency, providing a de novo strategy for building CPL-active
materials with striking chiroptical characteristics in color
purity, luminescence quantum yield, and dissymmetry factor.

Results and discussion

Five mononuclear lanthanide complexes, LnNTA (where Ln =
Sm, Eu, Tb, Dy, and Yb), were synthesized by heating a mixture
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of 1-(2-naphthoyl)-3,3,3-trifluoroacetone (NTA), tetraethyl-
ammonium (TEA) hydroxide, and LnCl; in ethanol at 333 K.
The structures of all five complexes were unambiguously deter-
mined by single-crystal X-ray diffraction (SCXRD) analysis, elec-
trospray ionization mass spectrometry (ESI-MS), and Fourier-
transform infrared spectroscopy (FTIR). The formation of the
EuNTA complex was also confirmed by nuclear magnetic reso-
nance spectroscopy (NMR). The "H NMR spectrum of EuNTA
shows only a single set of resonance signals, implying that a
discrete species exists in solution (Fig. 2a and Fig. S1 in the
SI), and the peaks were further verified using 2D COSY spectra
(Fig. S2). Compared with the NTA ligand, the EuNTA complex
displayed broader signals due to the paramagnetic nature of
the Eu(m) ion.***® Meanwhile, the protons in the ligand
moiety all shifted to the high-field region after coordination
(Fig. 2b). The hydroxy H® on the f-diketone group of EuNTA
disappeared at 15.2 ppm, indicating the successful coordi-
nation of Eu(m) with the NTA ligand. Considering the strong
coordination capability of diketone with Ln(m), LnNTA could
be stable for ESI-MS characterization. As shown in the negative
mode ESI-MS results (Fig. 2b), for EuNTA, a singly charged
peak at m/z = 1211.11 was found, which is in agreement with
the theoretical molecular weight of 1211.11 Da. The formation
and purity of other four LnNTA complexes were confirmed by
ESI-MS (Fig. S3-56) and FTIR (Fig. S7).

Colorless plate crystals of LnNTA with five different Ln
metals suitable for single-crystal X-ray diffraction were
obtained by slow vaporization of LnNTA in a solution of
methanol and dichloromethane (1:1, v/v); they are isostruc-
tural and crystallize as monoclinic crystals with a chiral space
group of P2, (Fig. 3 and Fig. S8). Here, we have taken EuNTA
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Chemical shift (ppm)
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Fig. 2 Characterization of EUNTA. (a) *H NMR spectra of the NTA ligand
and EuNTA complex in CDCls. (b) ESI-MS spectrum of the EuNTA
complex. Note: the blue ones are the theoretical peaks.
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as an example to analyze its structure. As illustrated in Fig. 3a,
there are four NTA anions, one positive Eu(u) ion, and one
TEA cation in the dissymmetric unit. The anionic NTA chelates
to the central Eu(m) ion via the ketone functional groups,
leading to the formation of a six-membered ring. In the
complex, the Eu(ui) anion is eight-coordinated by the oxygen
donor atoms of four NTA anions. The bond lengths of Eu-O
are in the range of 2.335(4) to 2.442(3) A. The distance between
the TEA cation and the Eu(m) ion is 5.735(3) A.

The chiral space group P2; of EuNTA confirms the spon-
taneous resolution during crystallization. Then, we carefully
compared the chiral feature in single molecules and the
packing modes. The two enantiomers are distinguished by the
helicity of the arrangement between the left-handed (A) and
the right-handed (A) helical isomers through enantiosepara-
tion (Fig. 1b). Similarly, for the octahedral coordination sphere
of the central metal ion with bichelated p-diketonato ligands,
if one ligand was chosen as an axis, other three ligands also
located in a spatial arrangement, showing a A configuration
(left-handed spiral) or a A configuration (right-handed spiral).
For the EuNTA complex, A and A configurations can be easily
recognized, as shown in Fig. 1 and 3. Both A-LnNTA and
A-LnNTA enantiomers occur within a single crystallization
batch. The A- and A-enantiomers were unequivocally charac-
terized by SCXRD analysis, as they were indistinguishable by
macroscopic observation.

To understand the driving force behind such spontaneous
resolution or the chiral self-sorting process, intermolecular
packing interactions in EuNTA were examined. First, strong
7-n interactions (3.67-3.84 A) of the naphthyl groups of nearby
EuNTA molecules were found along the b axis, resulting in
one-dimensional (1D) chains (Fig. 3b). Second, five C-H---n
interactions ranging from 2.59 to 3.11 A among the TEA cation
and three naphthyl groups of different EUNTA molecules on
the bc plane could be observed (Fig. 3c). Upon the cooperation
effect of these -t and C-H---n interactions, the homochiral
EuNTA molecules tended to achieve two-dimensional (2D) layers.
Third, the weak intermolecular C-H---F interactions further
assembled the abovementioned 2D layers into homochiral three-
dimensional (3D) conglomerates rather than a racemic assembly
(Fig. 3c and Fig. S9, S10). As such, the A and A configurations
can be separated into homochiral A-EuNTA and A-EuNTA single
crystals (Fig. 3e and f) with spontaneous resolution.

In addition to chiral structure analysis, the photophysical
properties of racemic EuNTA complex crystals were explored.
First, EUNTA possesses maximal absorption at 332 nm, which
is attributed to the NTA ligand, with a molar extinction coeffi-
cient (¢) as high as 88500 M~ cm™" (Fig. S11), superior to
those of conventional chiral Eu(m) complexes (Fig. 1a).>*** As
illustrated in Fig. S12, the EuNTA complex emits red lumine-
scence at 614 nm upon excitation at 326 nm in solution. The
emission spectrum displays characteristic peaks at 593, 614,
652, and 700 nm, assigned to the °D, — 'F; (J = 1-4) tran-
sitions of Eu®". The markedly enhanced intensity of the
614 nm peak (°D, — ’F,) indicates a dominant electric dipole
character, confirming the low symmetry of the Eu®" coordi-
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Fig. 3 Crystallization-induced homochiral A-EUNTA or A-EuNTA. (a) The asymmetric unit of the EUNTA complex. (b) The n—x interaction of
naphthalene groups in the nearby complex. Hydrogen atoms are omitted for clarity. (c) The C—H--.x interaction of the TEA cation with naphthalene
groups in the EUNTA complex. (d) The 3D packing of the EUNTA complex along the a axis. (e and f) B-diketone planes of NTA anions and coordi-
nation geometry of Eu(i) centers in A-EUNTA and A-EuNTA, respectively. (g) Crystal structures of A-SmNTA, A-TbNTA, A-DyNTA, and A-YbNTA.

nation environment. This conclusion is fully consistent with
our crystallographic analysis. Remarkably, this luminescence
at 614 nm has a narrow FWHM of ca. 5 nm in solution (di-
chloromethane, 1 x 10~> M) with a lifetime of 532 ps (Fig. S13),
fulfilling the requirement of high color purity. Because solu-
tion samples consume massive chemicals, thus compromising
their operation, solid thin films are more desirable.***” A KBr
thin pellet containing 0.5% w/w of EUNTA complex (thickness:
0.5 mm) was obtained through grinding and tablet pressing
and it exhibits an FWHM of 5 nm, resulting in ultra-narrow-
band luminescence in the solid state (Fig. 4a). Beyond narrow-
band luminescence, the quantum yield (QY) of luminescence
is another crucial parameter to evaluate luminescent
materials. While in the pursuit of narrowband luminescence
through chiral ligand-lanthanide complexing, the lumine-
scence QY was suppressed in many cases.’” Due to the superb
light harvesting efficiency of the aromatic structure 1-(2-
naphthoyl)-3,3,3-trifluoroacetone, the thin pellet of EuNTA
gives a QY of 91% (Fig. S14), acting as a bright CPL thin film.
Finally, the luminescence decay of EuNTA was calculated. The
luminescence lifetime of EUNTA at 614 nm was 282 ps upon
excitation at 326 nm, which is in agreement with that of
regular Eu(m) complexes.>"*

This journal is © the Partner Organisations 2025

Given the specific chiral property originating from chiral
separation, the chiroptical activities of A-EuNTA or A-EuNTA
of the homochiral single crystals were investigated by circular
dichroism (CD) and circularly polarized luminescence (CPL).
Enantiomerically pure samples were obtained by manual sep-
aration guided by absolute configuration determination via
SCXRD. For CPL characterization, the isolated enantiomers
were homogenized with KBr using an agate mortar and sub-
sequently pressed into 0.5 mm thick pellets containing pre-
cisely 0.5% w/w of either the A-EuUNTA or A-EuNTA complex.
In the CD measurement, we could observe opposite signals for
this pair of enantiomers (Fig. S15), indicative of the optical
chirality in the ground state. Since the measurements were per-
formed on solid samples, we observed characteristic spectral
distortions and red shifts in the solid-state CD spectra, which
are attributable to concentration effects in the thin film
1951 Meanwhile, as a descriptor of excited-state chirality,
CPL can be used to evaluate the macroscopic chirality of chiral
materials. The primary criterion for assessing CPL is to calcu-
late the luminescence dissymmetry factor, gium = 2(Ip, — Ir)/
(I, + Ig), which provides the luminescence difference of left-
handed (L) and right-handed (R) circularly polarized light. As
illustrated in Fig. 4c, after exposure to 326 nm excitation, the

state.
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Fig. 4 Regular and chiral luminescence properties. (a and d) Luminescence spectra of EUNTA and SmMNTA complexes and (b and e) luminescence

decay curves of EUNTA and SmNTA in the thin film at room temperature

(Aex = 326 nm and 380 nm), respectively. (c and f) CPL spectra of A-EuNTA,

A-EuNTA, A-SmNTA, and A-SmNTA in the thin film state at room temperature, respectively.

A-EuNTA or A-EuNTA thin pellet produced positive or negative
CPL with a sharp peak at 614 nm. Both films with two enantio-
mers were observed with |gium| values of ~0.02, which falls
within the typical range (107°-107") reported for Eu(m) com-
plexes emitting at around 614 nm.*'">° Moreover, in contrast
to decreasing CPL resulting from the racemization in solution
(Fig. S16 and S17),°* such thin pellets of A-EuNTA and A-
EuNTA exhibit a relatively stable chiroptical activity (Fig. S18).
These CPL results further demonstrate the unique feature of
crystal engineering-induced chiral separation of EuNTA.
Similar to regular luminescence, the CPL of A-EuNTA and A-
EuNTA has a remarkably narrow FWHM of 5 nm, which com-
pletely agrees with that of regular luminescence, indicating the
consistence between regular and circularly polarized lumine-
scence. To the best of our knowledge, the FWHM of A-EuNTA
and A-EuNTA is among the smallest ones for organic and in-
organic CPL materials.>>”? To systematically evaluate the CPL
stability of EuNTA chiral crystals, we conducted measurements
over a three-week period (testing at 1 week, 2 week, and 3 week
intervals) under identical experimental conditions (Fig. S18).
The results demonstrate good stability, with the CPL intensity
of the film sample showing negligible degradation (<5%)
throughout the testing period. These results show that the
physical properties and luminescence of chiral crystals are very
stable, and it shows their good potential for advanced lumine-
scence applications, which warrants further exploration.

Given the notable luminescence properties of lanthanides,
we extended our investigation to Sm(m), Tb(ui), and Dy(ur) com-

7756 | Inorg. Chem. Front,, 2025,12, 7752-7759

plexes. The SmNTA complex exhibits characteristic emission
peaks at 563, 598, 645, and 705 nm, corresponding to the
1Gs/y, — ®Hsls, ®Hyls, ®Hols, and ®H,y4/, transitions of Sm>,
respectively (Fig. 4d and Fig. S20). The most intense transition
(*Gs/, = ®Ho/,) displays a narrow FWHM of 10 nm and a life-
time of 47 ps (Fig. 4e), with a quantum yield of 4% (Fig. S21).
These results indicate that the NTA ligand serves as a signifi-
cantly more efficient antenna for Eu(m) than for Sm(m).
Notably, the ThNTA and DyNTA complexes show no detectable
lanthanide-centered emission, instead exhibiting only ligand-
based luminescence at 476 nm and 499 nm, respectively
(Fig. S22 and S23). This dramatic variation in luminescence
behavior across the lanthanide series can be understood by
considering the energy level matching between the ligand’s
triplet state (T;) and the lanthanide’s excited states. The T
energy level of the ligand should be approximately
2000-4000 cm™' higher than the excited state of the rare-
earth ion (empirical value). For Eu**, the °D, energy level
(17200 ecm™) is well matched with NTA’s T, energy of
20000 cm™',>*** falling within the optimal range of
19 000-21 000 cm™". In contrast, for Tb**, whose °D, energy
level (20 500 cm™) requires a ligand with T; > 22500 cm™,
the NTA ligand proves inadequate for efficient energy trans-
fer, explaining the observed ligand-dominated luminescence.
CPL measurements were performed on KBr pellets containing
SCXRD-verified A-SmMNTA or A-SmNTA enantiomers.
Mirroring the behavior of EuNTA, both A-SmNTA and
A-SmNTA enantiomers exhibit remarkably narrow CPL bands

1
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(FWHM = 8 nm), which peaked at 645 nm with |gjym| values
of approximately 0.006 (Fig. 4f).

Conclusions

CPL is a high-level visual perception for supplying one more
dimension of information compared to regular luminescence,
and it has attracted much attention over the past 10 years and
is now at the frontier of physics, chemistry and materials
science. Beyond luminescence dissymmetry and strong emis-
sion, the color purity (narrowband emission) of CPL has been
ignored in the long term. Making full use of the narrowband
emission property of metal-organic Eu(ur) complexes, we have
developed rare earth complexes A-EuNTA and A-EuNTA with
ultra-narrowband CPL with a FWHM of 5 nm at 614 nm,
accompanied by a lifetime of 282 ps. To improve the emission
efficiency of chiral Eu(u) complexes, we employed the
n-conjugated ligand 1-(2-naphthoyl)-3,3,3-trifluoroacetone to
enhance the light harvesting ability, resulting in highly emis-
sive luminescence (QY: 91%). By symmetry breaking and spon-
taneous resolution, high-dissymmetry CPL with a |gj,m| value
of ~0.02 was achieved. Taken together, our strategy could solve
well the circularly polarized luminescence dilemma between
high dissymmetry and strong emission. We have thus achieved
narrowband-luminescence, persistent and highly emissive
CPL, with potential for use in pure color displays.
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