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Circularly polarized luminescence (CPL) has attracted considerable attention owing to its potential
applications in practical life. Although CPL can be generated using a linear polarizer and a quarter-wave
plate combination, the generated light emerges by compromising the total output brightness. Therefore, the
above-mentioned drawback has led to the development of original CPL emitters. In this perspective, the
CPL-based research field continues to flourish, and many CPL emissive small organic molecules,
supramolecular assemblies, nano-assemblies, and metal complexes have been explored. The dissymmetry
factor (gum) is the measure of the extent of circular polarization of light. Chiral organic small molecules
possess very small g,m values. The chiral lanthanide (Ln) complexes are ideal molecular structures to depict
the high luminescence dissymmetry factor (gm). These Ln complexes have forbidden electric-dipole and
allowed magnetic dipole 4f-4f transitions, which make them weak emissive candidates. However, the
rational design of the antenna ligands can effectively transfer the energy to Ln metal ions and lower the
symmetry of the overall complex, making the electric dipole 4f—4f transition partly allowed. This mini-review
article presents the basic principles and key factors for assessing the CPL activity in the chiral Ln complexes.
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DOI: 10.1039/d5tc00097a It discusses small Ln complexes with various antenna ligands and distinct chirality induction from the chiral

ligands to metal complexes. Furthermore, it briefly examines the rational ligand design and the future uses
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1. Introduction

Concept of chirality comes into the picture when an object
cannot superimpose on its mirror image. Chiral objects are
observed around us in any field of science or the practical world,
ranging from microscopic to macroscopic levels." From chiral
molecular centers in chemistry to electromagnetism (circularly
polarized luminescence, CPL) in physics and practical life, such
as human hands, billions of things cannot be superimposed on
their mirror images. The chiral systems have their benefits, such
as performance in drug activity and enzyme specificity. Chiral
objects are all around us in daily life—from the asymmetry of
our hands to the chirality of amino acids, proteins, sugars, and
even the taste, smell, and effects of certain drugs and household
items. Chirality can be mainly divided into five parts: point,
axial, planar, helical, and propeller (Fig. 1).>

Point chirality is generally related to carbon atoms and
arises when connected to four different groups. Axial chirality
arises due to the spatial arrangement of groups around an axis.
Examples of axially chiral systems include organic molecules,
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of chiral Ln metal complexes. Finally, different types of CPL spectrometers are elaborately discussed.

such as allenes, biaryls, and certain alkenes, having restricted
rotation around a bond. Helical chirality arises from the spiral-
like arrangement of atoms in a molecule. This property is
commonly observed in DNA, helicenes, and inorganic complexes.
Planar chirality arises in systems due to the spatial arrangement
of atoms or groups in a planar structure. Symmetry plane is
disrupted in this case, leading to non-superimposable mirror
images. Cyclophanes, allenyls, and different types of macrocyclic
rings show this type of chirality. In propeller chirality, a molecule
or complex adopts a propeller-like shape, and the substituents
around the central axis are arranged in a helical or twisted
manner, resulting in non-superimposable mirror images.

CPL is the emission of either left-handed or right-handed light
in the chiral luminescence systems.”> CPL materials have gained
popularity for sophisticated applications such as optical informa-
tion storage, chiral recognition, 3D display, smart sensors etc.®®
Many articles have been published recently with a focus on
CPL.°™ CPL can be generated by combining a linear polarizer
and a quarter wave plate (Fig. 3a).> Shifting the phase between the
two orthogonal components of linearly polarized light generates
circularly polarized light. Generally, non-polarized light is passed
through a linear polarizer to produce linear polarized light. This
linearly polarized light is made to pass through a quarter wave

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Different types of chirality [redrawn from ref. 3].

plate placed at an angle of 45° to its optical axis.® Right and left-
handed CP light can be produced by adjusting the orientation and
phase relationship of the light components.

Most display devices use antiglare filters to reduce the reflec-
tion from external light (Fig. 2).'® The anti-glare filters are made
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by connecting the linear polarizer with the quarter-wave plate. At
the same time, this anti-glare filter reduces almost 50% of light
generated by normal organic light-emitting diode (OLED)
devices (Fig. 2). Using CPL emitter-based OLEDs/LEDs results
in less attenuation of the emitted light, leading to very bright
images with low power consumption.’

In recent years, there has been an increased interest in
synthesizing organic compounds capable of generating CPL
for possible use in optoelectronic devices.® A quarter-wave plate
can convert linearly polarized light into CP light."” However,
this results in low transformation efficiency due to absorption
and reflection of incident light."” Therefore, chiral luminescent
materials (organic and inorganic) are preferred to produce CP
light. Mirror-structured enantiomers emit left and right-
handed CP light when excited by a suitable source.'” Various
chiral luminous materials, including lanthanide complexes,
have been extensively studied to generate CP light."”'®

As mentioned earlier, CPL can be considered an emerging
technology in biomedical imaging, diagnostics, organic optoe-
lectronics, etc.'®?° CPL is increasingly used in OLEDs, lasers,
and displays. Circular polarization can advance the efficiency
and performance of devices. This leads to brighter, more color-
pure displays and light sources. CPL also has potential signifi-
cance in developing advanced chiral sensors for detecting
specific enantiomers. Moreover, the selective polarization prop-
erties open pathways for quantum computing and encryption
technologies. He et al. highlighted the challenge of achieving
high emission efficiency and a large luminescence asymmetry
factor (gjum) in a single molecule.”" They developed a liquid-
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Fig. 2 Diagram depicting the benefits of CP-OLEDs over normal OLEDs [redrawn from ref. 16].

crystalline CP-TADF molecule with a high g, value of 0.11,
demonstrating these materials’ potential in practical applications.
Further, they fabricated the solution-processed devices using the
synthesized compounds as dopants. The devices depicted a very
high maximum external quantum efficiency (EQE) of 21.2%. Liao
et al. developed a planar chiral [2.2]paracyclophane-based TADF
molecule.”” They combined a bulky planar chiral phenoxazine-
phane donor with a triazine acceptor to achieve high luminescence
performance and excellent CPL properties. They fabricated the CP-
OLED devices using the developed chiral emitters and could
achieve a maximum brightness of up to 34293 c¢d m > and a
maximum EQE of 7.8%. Qu et al. designed and synthesized
intrinsically chiral biphenoxazine-based TADF materials with
potential application in CP-OLEDs.>* They used an axially chiral
electron-donor biphenoxazine core combined with two electron-
acceptor fragments, 2,4,6-triphenyl-s-triazine. They fabricated the
solution-processed CP-OLEDs and achieved a luminance of 1.66 x
10* cd m ™2, current efficiency of 35.2 cd A~*, EQE of 11.3%, and a
dissymmetry factor of 0.88 x 1073,

Circular dichroism (CD) and CPL spectroscopic techniques
are two methods that are used to quantify the extent of circular
polarization. The pictorial representations of CD and CPL
mechanisms are given below in Fig. 3b and c. The CD measures
differences in the absorption of left-handed (L) CPL and right-
handed (R) CPL by chiral molecules. The extent of absorption of
L-CPL and R-CPL differs for chiral molecules. This difference
arises as the chiral molecule interacts differently with the
L- and R-CPL. A CD spectrum comprises a plot of the differ-
ence in absorption of L and R-CPL against the wavelength
of light. The peaks in the CD plot represent wavelengths
where the molecule absorbs L-CPL and R-CPL differently.
The positive peaks depict that the chiral molecule absorbs
more L-CPL, while negative peaks show greater absorption of
R-CPL. CPL spectroscopy is a technique that measures the
difference in the emission of L-CPL and R-CPL from a chiral
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molecule after excitation. The chiral molecules emit either
L-CPL or R-CPL.

CD spectroscopy typically measures molar circular dichro-
ism (Ae) as a function of wavelength.? The absorptive dissym-
metry factor (gaps) can be defined by the following equations:?

1)
2)

&, = extinction coefficient for L-CPL, i = extinction coefficient
for R-CPL.

Ae = g, — er

Zabs = (61 — €r)/E

Also,
&= (ep + ep)/2 (3)
Therefore,
Zabs = 2(eL — er)/(eL + r) (4)
Experimentally, g.,s can be calculated as
Zabs = ellipiticity/(absorbance x 32980) (5)
The ellipticity and absorbance can be obtained from CD

spectra.3
In CPL spectroscopy, the emission intensity (AI) difference
between L- and R-CPL is defined as follows.?

Al=1, — Iy (6)
Zium = 2(IL — IR)/(IL, + Ir) 7)

where
I, = L-CPL; I = R-CPL (8)

However, determining absolute I and AI values is challen-
ging. The luminescence dissymmetry factor (gi,m,m) measures the
degree of dissymmetry in CPL as given in the above equation.’
It is clear from the g,ps and gium that the CD and CPL values vary

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Mechanism of generating circularly polarized luminescence (CPL) from unpolarized light with the help of a quarter wave plate; (b) illustration of

circular dichroism (CD) mechanism; and (c) illustration of CPL mechanisms [redrawn from ref. 3].

from +2 to —2. A maximum value of g,,,, = £2 indicates optimal
left- and right-handed polarization of emitted light, whereas
Zium = 0 indicates no circular polarization of light.?

The rotatory strength R theoretically parallels to the experi-
mental CPL intensity for an electronic S; to S, transition. R can
be expressed as shown below.>*

Velocity form of the equation:**

R= (i) < (52) (P il ) ©)
= % X (2%) <‘I’Sl —eF X 6‘W50> (10)

Length form of the equation:>*
R= (W [ilv, ) x (ﬁ) (s il ) (11)
_ <'Ps1 \—6"1¢50> x (2%:) <'1/51 —eF % @’11150> (12)

For S; to S, transition: e = the elementary charge of an
electron; ji, = electric dipole transition moment; 7 = position
operator; ¢ = the speed of light (¢™" is approximately equal to
1/137 atomic units (a.u.)); m. = magnetic dipole transition

This journal is © The Royal Society of Chemistry 2025

moment; V = curl operator. The calculated R-value is com-
monly reported in cgs units of 107*° esu® cm>.**

Using the length form of the equation,

becomes:>*
i\ .
(z)7}#)

Al < (v,

D D (13)

4<'Psl|—eﬂtp50>><<‘l’s, (M;ic‘) + 2eS, w;0> ”

D
where g ~ 2, the free electron g-factor; m, is the mass of the
electron; S is spin angular momentum; n represents the com-
ponents of the Cartesian coordinate system; L is orbital angular
momentum; D is dipole strength.>*

Lanthanoids are mostly stable trivalent ions from cerium
(Ce) to lutetium (Lu). Ln metals have a general electronic
configuration as [Xe] 4f"5d° '6s” (n can range from 1 to 14).
In the +3 oxidation state, these elements typically lose two 6s
electrons and one 4f electron. The remaining electrons in the 4f
subshell are relatively stable. In Ln contraction, the effective
nuclear charge increases with atomic number. This contraction
results in smaller ionic radii and leads to greater stabilization
of the +3 oxidation state. The smaller ionic radii lead to

the g-factor

g:
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stronger interactions with ligands. Two significant investiga-
tions show the beginning of the luminous lanthanide com-
plexes between the 1930s and the early 1940s. Freed et al.
demonstrated how the absorption lines band’s intensity varied
for Eu(m) in various solvents.”® Weissman found that some of the
Eu(u) complexes produce characteristic lanthanide emission
when exposed to ultraviolet (UV) light.*® The scientific community
did not show significant interest in luminous lanthanide com-
plexes until the early 1990s, after the efficient use of these
materials in medical diagnostics.”” Luk and Richardson originally
identified CPL in Eu(ur) and Tb(m) complexes containing chiral
carboxylic acid in 1975.°® After this finding, they also noted
elevated CPL activity in an Eu(m) complex containing chiral
3-trifluoro acetyl camphorate ligands.*® Following this, several
studies have been conducted on CPL.>**! The prevalence of CPL
measuring methods in the twenty-first century led to a steady rise
in CPL reports. The chiroptical characteristics of Cs[Eu((+)-hfbc),]
were reported by Lunkley et al. in 2011.%* Recently, many reviews
have mentioned chirality and Ln complexes.>'”*

Chiral Ln(u) complexes comprise a luminous core and
chiral organic ligands.** The 4f orbital in Ln is protected from
its environment by the outer filled 5s and 5p orbitals.*
Electronically, 4f-4f transitions yield strong emission lines,
and the chiral ancillary ligands have significant CPL activity
at these transitions.>>*® Ln coordination with ligands involves
outer 5d/6s orbitals in bond formation. The driving factor for
Ln-ligand complexation might be electrostatic interactions with
low covalency.'” The Ln*" nondirectional coordinating nature
allows for flexible bonding with coordination numbers ranging
from 3 to 12, with a preference for 8-9 coordination."”*” The
steric and electronic properties of coordinated ligands via the
chelating effect influence the stability of the lanthanide
complexes.'” The conventional hard-acid-soft-base theory clas-
sifies Ln®" as a hard acid, while F, O and N are considered hard
bases. The oxophilicity in oxygen stems from its hard-base
character. Numerous electron-donating ligands with O, N,
and F components have been designed to stabilize Ln*" in
highly coordinated surroundings.'”**3%*!

Ln ions are famous for their unique 4f to 4f emission, which
extends over the visible and near infrared (NIR)-I, II regions."’
The partial fulfillment of electrons in the 4f orbital results in
“line-shaped” excitation and emission, independent of the
coordinating ligands. Their 4f to 4f transitions are magnetic-
dipole-allowed and electric-dipole-forbidden, making them ideal
for reaching higher g, values.””** Richardson classified the 4f
to 4f transitions in various Ln** ions into three forms (DI, DII,
and DIII) based on luminescence dissymmetry values.'”** The
luminescence dissymmetry values decreased from DI to DII to
DIIL. The author discovered that type DI transitions only com-
prise the °D, to “F, transition of Eu®*, whereas type DII transi-
tions include the *Gs,, to ®Hs/, transition of Sm** and the °D, to
’F5 transition of Tb®". The electric dipole-forbidden nature of 4f
to 4f transitions allows for long-lasting Ln** emission. Due to
their long-lasting emission, the Lanthanide complexes’ emission
may be separated from biological fluorescence and light scatter-
ing in vivo."” This makes them useful as biological probes and

9414 | J Mater. Chem. C, 2025, 13, 9410-9452

View Article Online

Review
imaging agents.'”** Thus, the electronic features of chiral Ln
complexes produce strong CPL signals with high dissymmetry,
which are helpful in many optoelectronics and biomedical
applications. Moreover, Ln complexes possess longer excited-
state lifetimes than organic materials, allowing for sustained
emission. This long-lived emission is valuable for applications
such as time-resolved bioimaging. The CPL-active materials
provide greater signal contrast in biomedical imaging. Hence,
it helps monitor biological processes in real-time. Stachelek et al.
designed a CPL laser scanning confocal microscopy system for
the sub-cellular tracking of emissive chiral sub-cellular probes.**
Their work demonstrated the feasibility of two-photon excitation
in conjunction with CPL. They also developed a well-controlled
inert CPL test target as a standard for enantioselective chiral-
contrast imaging using enantiopure solutions of a Eu complex.
They imaged both enantiomers of the chiral Eu complex within
mouse skin fibroblast cells. Each enantiomer displayed a strong
co-localization with common lysosomal and mitochondrial
tracker dyes. Kunnen et al. explored the applicability of circularly
and elliptically polarized light in the context of optical biopsy to
achieve non-invasive diagnostic techniques for cancer detection
in biological tissues.”® They observed that the response of
incident elliptically polarized states can be effectively measured.
This was demonstrated by the phantom study using intralipid
and microspheres water solutions. The mapping of the Stokes
vector of backscattered light on a Poincaré sphere could reveal
changes in the polarization state. These changes correlate with
the concentration and size of scattering particles and prelimin-
ary tests show that the technique distinguishes between cancer-
ous and non-cancerous tissues. The changes in nuclear size
within cells could be characterized using this method. Thus,
their work suggests that CPL light can be a promising tool for the
non-invasive diagnosis of diseases.

Lanthanide complexes are good for CPL materials because
of their large Stokes shift, low self-quenching, and resistance to
photobleaching. However, they have low molar extinction coef-
ficients, resulting in feeble emission.'” Due to the low molar
absorption coefficients of Ln(m) ions, the total brightness of
Ln(m)-containing luminous compounds remains limited when
samples are stimulated into the f-f transitions. The “antenna
effect” can sensitize the Ln phosphors by transferring the
absorbed energy to these metal ions. Weissman observed that
light emission in Ln complexes with organic ligands may be
initiated by stimulating the ligand electronic states.”® Intra-
molecular energy transfer is then used to direct energy to the
excited metal ions. Compounds or materials containing Ln are
significantly affected by the antenna effect. The molar absorp-
tion coefficients of the surrounding ligands are largely respon-
sible for determining the luminosity of the Ln phosphors.*’

4f" configurations provide many electronic energy levels
defined by three quantum numbers: total spin, total orbital,
and total angular quantum number.*® These levels are further
divided by weak ligand field effects. G. H. Dieke provided the
first summary of the 4f" energy levels of all trivalent lantha-
nides doped in different crystals, covering UV, visible, and NIR
spectral ranges (Fig. 4).*” Eu(m) and Tb(m) are among the most

This journal is © The Royal Society of Chemistry 2025
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emissive lanthanide ions, with ground states ("F, and "F) and
long-lived excited states (Do and °Dy, respectively).*® Eu(m)
emits at 595 nm for the *D, to “F; transition. While Eu(m) and
Tb(m) are the most often used lanthanides in luminescence
applications, additional lanthanides have sparked interest
despite their lower luminous qualities, including Dy(m),
Sm(m), Yb(m), and Nd(m) in the near-IR.*®

Lanthanide compounds have three optical transitions:
allowed f-d, charge-transfer, and forbidden f-f transitions.
The f-d transitions for free ions typically occur in the UV or
visible spectral regions. As the 5d orbitals are expanded outer-
most, ligand-field splitting can push some of the Stark sub-
levels far into the visible region.?® The localized and shielded
nature of the f-f transitions causes their minimum environ-
ment interactions, resulting in narrow spectral lines. Mean-
while, the f-d transitions are broad due to the greater number
of interactions of the 5d orbitals with the ligands.

The unique electronic configurations of Ln elements make
the f-d transitions intense. Therefore, their energies can be
fine-tuned across a wide range. This is why the Ln elements
possess a good share in various optical applications. We have
already mentioned that the f-f transitions are forbidden. There-
fore, ligand-to-metal charge transfer (LMCT) transitions are
important in sensitizing the luminescence in phosphors that
contain lanthanides.>® The transfer of energy from ligand to
metal ion is important as it helps enhance the efficiency of the

This journal is © The Royal Society of Chemistry 2025

Ln phosphors. However, the LMCT transitions are typically
observed in the electromagnetic spectrum’s visible and ultra-
violet (UV) ranges.* It is possible to modulate the LMCT by
adjusting the nature of the antenna ligands. The ligand design
plays a crucial role in deciding factors about its triplet energy
levels; therefore, the luminescent properties of the material can
be altered drastically. In contrast, metal-to-ligand charge trans-
fer (MLCT) states are more commonly found in d-d-transition
metal compounds due to their electronic structures. The MLCT
transitions involve an electron transfer from a metal to a ligand.
However, MLCT transitions are negligible in Ln, except Ce,
because the energy required is generally too high.*® Upon light
excitation, the electron in the material jumps to a higher energy
orbit. The Laporte parity selection rule says that the electric
dipole transitions between energy levels of the same parity are
forbidden.*® Following this rule, the f-f transitions in Ln are
prohibited under normal conditions, as the initial and final
states have the same parity. Therefore, these f-f transitions are
generally very weak. However, the symmetry of the electronic
environment is disturbed when Ln ions are connected to the
unsymmetrical ligands. This non-centrosymmetric environ-
ment causes the mixing of electronic states with different
parities. Mixing the electronic states relaxes the strict selection
rules, allowing the f-f transitions. The perturbation of the
ligand field induces these transitions; therefore, these are
known as induced dipole transitions.>® Hence, the forbidden
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f-f transitions are partially allowed following the relaxation of
the selection rules. Lanthanide-based materials benefit from
this relaxation of selection rules because it enhances their
ability to absorb and emit light efficiently.

According to Laporte’s forbidden f-f transitions, the Ln(m)
ions naturally have weak absorption and emission intensities.
However, an indirect method can lift these weak intensities.
We can indirectly excite the Ln(m) ions by connecting chromo-
phoric ligands to the metal ions. This method is known as the
‘antenna effect,’ which involves connecting a chromophoric
group to the Ln(m) ion, which helps enhance its absorption and
luminescence efficiency.*® The indirect excitation method can
optimize energy transfer processes in Ln(m)-based systems by
choosing potential ligand moieties.*® The antenna effect men-
tions the efficient energy transfer from organic ligands’ excited

View Article Online

Review

states to lanthanide ions’ excited states. The energy transfer
mechanism from the organic ligand has been pictorially repre-
sented in Fig. 5 (above). The process involves energy absorption
by the organic ligands, usually in the UV or visible regions. The
absorption of the electromagnetic wave or light results in the
excitation of the electron in the ligand. The excited electron
reaches the longer-lived low-energy triplet state of the ligand via
the intersystem crossing process. This triplet excited state
transfers energy to the excited state energy level of the Ln ion
non-radiatively. The resonance energy transfer from the ligand
to the Ln ion requires a compatible energy gap between the
ligand triplet state and the excited state of the Ln. The Ln ion
receives energy and gets into the excited state, followed by a
longer-lived Laporte forbidden transition to the ground state.
Many factors drastically influence this energy transfer process,

Energy transfer
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Fig. 5 (Above) Illustration of energy transfer from the antenna ligand to

Ligand

the lanthanide ion energy level.*® (Below) Design strategies for developing

intrinsically chiral (a) and perturbated chiral (b) thermally activated delayed fluorescence (TADF) fluorophores.!® Proposed design strategies for

developing (c) intrinsically chiral ligands and (d) perturbated chiral ligands
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like the distance between the ligand and the Ln ion, the energy
gap between the ligand excited (triplet) state and the Ln ion
excited state, and the binding ability of the ligand to the Ln ion.

Triplet states are important in the energy transfer between
organic ligands and Ln(m) ions. The Ln ions can be sensitized
when the lowest energy triplet state of the ligand is above the
emitting Ln ion excited state.>® These ligand triplet states may
also quench the metal (Ln)-centered excited state when these
are below it.*® The function of singlet excited states in ligand-
to-metal energy transfer is usually overlooked. The first reason
for this is the effective interpretation of energy transfer in
numerous Eu(m) and Tb(m) chelates using a singlet-triplet-
Ln(m) route.*® Second, the relatively short lifetimes of singlet
states makes it difficult to demonstrate their role in the transfer
process without rapid spectroscopic equipment.®®

Energy transfer by the antenna effect involves excitation of
the ligand followed by intramolecular energy transfer to the
lanthanide ion. Energy is a scalar quantity and it lacks direc-
tional properties. Thus, the chirality cannot be directly trans-
ferred by scalar energy transfer. The asymmetry of the chiral
ligand can cause circular polarization of the light emitted by the
Ln complex. Forbes et al. observed that light can interact with
chiral molecules during fluorescence and Forster resonance
energy transfer (FRET) in many ways.”® The most significant
process is the absorption and emission of a single photon. They
claimed that the chiral signal can be doubled when circularly
polarized light is absorbed. There is no way the chirality can be
transferred during the energy transfer process. They concluded
that the physics of single photon absorption and emission
always takes preference.

Two different design approaches are available in the litera-
ture for synthesizing chiral TADF or luminescent molecules.'®
The intrinsic chirality in the TADF molecule is the first method
for developing chiral molecules (Fig. 5a, below). The axial,
helical, planar, or central chirality can generate this intrinsic
design approach in the molecule. The second method is
referred to as the chiral perturbation strategy. The chiral and
fluorescent/TADF units are connected in the chiral perturba-
tion approach (Fig. 5b, below). Together, these two components
provide a whole set of chiral luminous molecules. These two
methods are well-known for designing and developing chiral
TADF molecules. Developing the chiral ligands for the Ln
complexes is also possible following these two approaches.
The two approaches have been depicted pictorially in Fig. 5c¢
and d (below).

Looking at the benefits of the CPL in our daily lives and the
enthusiasm of the research community in this field, we have
included different chiral Ln complexes in this mini-review
article. We have already mentioned the advantage of antenna
ligands in transferring the energy to the Ln ions and efficiently
enhancing its luminescence despite the involvement of electric
dipole forbidden 4f-4f transitions. We have categorized this
article based on the different binding ligands to the Ln metal
ions. The binding ligands include B-ketonate-based ligands,
cyclen-based ligands, pyridine dicarboxylate-based ligands,
multiple oxygen atoms-based ligands, and multiple nitrogen

This journal is © The Royal Society of Chemistry 2025
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atom-based ligands. In this review, we briefly explain the
characteristics of the chiral Ln complexes based on these
ancillary ligands and conclude with the rational ligand design
and advantages of these complexes.

2. Various types of ligand-based Ln
complexes

2.1. p-Diketonate-based ligands and chiral Ln complexes

Because of the lipophilicity of Ln**, B-diketones are considered
to be among the most successful coordinating ligands. Cui et al.
(2021) synthesized and structurally characterized two homo-
chiral Sm(m) and Eu(m) tris(B-diketonate) enantiomers.”" These
complexes of Eu and Sm were supported by (R or S) N,N'-donor
and fluorinated B-diketone ligands (Scheme 1, left). They exhib-
ited intense emissions with long lifetimes and high photolumi-
nescence quantum yield (PLQY) in solid-state and in solution.
This was due to the proper match of energy levels between the
triplet energy state of Hbtfa ligand and the energy levels of
the Eu(m) (°D,) and Sm(m) (*Gs,,) ions, respectively. Specifically,
the addition of a chiral N,N’-donor ligand caused the deformed
non-centrosymmetric structures in the Sm(m) and Eu(m) tris(f-
diketonate) precursors. Consequently, the homochiral Eu(m) and
Sm(m) tris(B-diketonate) enantiomeric pairs exhibited better
optical properties compared to the majority of their centrosym-
metric counterparts. They observed that in the solid state and
DCM solvent, R-2-Sm/S-2-Sm and R-1-Eu/S-1-Eu displayed strong,
distinctive emissions of Eu(u) (red) and Sm(i) (orange-red) ions
with extended lifetimes and high PLQY. The CD and UV-vis
absorption spectra of the homochiral R-1-Eu and S-1-Eu pairs
have been depicted in Scheme 1a and b (right). The g, values
for R-1-Eu/S-1-Eu were obtained up to +2.56 x 10 °/—2.90 x 10>
(Table 1). They used the Raman optical activity (ROA) technique
to measure the CPL. In R-1-Eu, the total PLQY could reach up to
61% and 53% in the solid and solution states (DCM), respec-
tively. The rare Sm(m) tris(B-diketonate) complexes, R-2-Sm,
could reach up to 6.5% (solid-state) and 3.1% (DCM). The R-2-
Sm and R-1-Eu exhibited a significant triboluminescence phe-
nomenon that was apparent to the unaided eye.

The same group used the chiral N”N-donor ligand
(Scheme 2, left) to bind with Pr and Ho and synthesized two
chiral mononuclear Ln(im) complexes [Ln(dbm)s(L)] [Ln = Ho (2)
and Pr (1)].>®* When exposed to visible light (410 nm), 1 and 2
exhibited typical NIR emissions of Pr(ur) and Ho(m) ions. The
CD spectra of complexes 1 and 2 were depicted in Scheme 2a
and b (right). The study on their nonlinear optical responses
revealed that 1 and 2 concurrently displayed significant third
and second-harmonic generation responses brought on by their
non-centrosymmetric molecular architectures.

Based on X-ray crystallographic investigations, the CPL of
chiral Eu(m) complexes with nona- and octa-coordinated Eu
structures, 1-R,/1-S, 2-SS, and 3 (Scheme 3) has been described,
and their structural characteristics were addressed by Harada
et al. in 2012.>% It was anticipated that inserted Pybox ligands
will enclose the Eu(m) core from surrounding solvents and
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would inhibit the excited state’s vibrational decay. They also
anticipated the particular stereoselective interactions between
Pybox and p-facam, which were two different kinds of ligands.
The interactions between ligands were anticipated to inhibit
pseudo-racemization and promote enhanced chiroptical purity
in complexes. The Pybox ligands were added as a chiral
tridentate ligand to [Eu(p-facam);]. These chiral Eu(m) com-
plexes with their °D, to “F; (magnetic-dipole) and °D, to F,
(electric-dipole) transitions demonstrated comparatively strong
photoluminescence. The dissymmetry factor of CPL of complex
3 at the °D, to “F; transition was relatively moderate (gcpr, =
—0.46). However, the dissymmetry factors of CPL in the °D, to

’F; band of 1-R and 1-S were —1.0 and —0.8, respectively
(Table 1). The CPL spectra were detected at room temperature
with JASCO FP-6500 spectrometers. X-ray crystallographic data
in these compounds showed ligand-to-ligand hydrogen bond-
ing, which was predicted to maintain their chiral geometries
even in the solution phase.

Based on the twisting motion of a ligand, BIPYPO exhibits
sign reversal of CPL signal in a cis-trans isomerization of chiral
Eu(m) complexes (Scheme 4).>° The work of Kawai’s group in
2014 shows that the twisting motion of BIPYPO produces the
s-cis and s-trans geometries of a chiral Eu(ur) complex contain-
ing either p-1 or p-2 ligands (Scheme 4). The chelate between

Table 1 Photophysical properties of B-diketonate-based chiral Ln complexes

Ln complex Transition Wavelength (nm) Dissymmetry factor (gum) PLQY (%) Ref.

R-1-Eu Dy to 'F; 602 +2.56 x 1073 61 (solid state) Dalton Trans., 2021, 50, 1007-1018>"
S-1-Eu Do to 'F, 602 —2.90 x 1073 — Dalton Trans., 2021, 50, 1007-1018°*

1-R Do to 'F, 594 —1.0 (acetone-dg) 0.89 + 0.09 (acetone-dg) Inorg. Chem., 2012, 51, 6476-6485°>

1-S Do to 'F; 594 —0.8 (acetone-dg) 0.89 + 0.10 (acetone-dg) Inorg. Chem., 2012, 51, 6476-6485>>

2-SS Do to 'F; 594 —1.0 (acetone-d) 0.50 + 0.15 (acetone-dg) Inorg. Chem., 2012, 51, 6476-6485>>

3 Do to 'F; 594 —0.46 (acetone-ds) 0.54 + 0.17 (acetone-dg) Inorg. Chem., 2012, 51, 6476-6485°>
Na[Eu((+)-hfbc),] Dy to 'F; 591 +0.08 (CHCl;) — Inorg. Chem., 2011, 50, 12724-12732°>
K[Eu((+)-hfbc),] °Doto ’F, 591 +0.14 (CHCl,) — Inorg. Chem., 2011, 50, 12724-12732%
Rb[Eu((+)-hfbc),] °Doto F; 585 +0.47 (CHCl,) — Inorg. Chem., 2011, 50, 12724-12732°
Cs[Eu((+)-hfbc),] °Doto "F; 585 +0.55 (CHCl;) — Inorg. Chem., 2011, 50, 12724-12732°>
CsYb((+)-hfbc), — 985 —0.38 (CH,Cl,) — Dalton Trans., 2022, 51, 518-523
(CsYb((—)-hfbc),) — 985 +0.31 (CH,Cly) — Dalton Trans., 2022, 51, 518-523°
CsEu((+)-hfbe), Do to ’F; 595 +1.41 (CHCI,) — Adv. Mater., 2015, 27, 1791-1795°*
CsEu((—)-hfbc), °Doto’F; 595 —1.41 (CHCI,) — Adv. Mater., 2015, 27, 1791-1795*
CsEu((—)-hfbc); °D,to ’F; 595 —1.35 £ 0.10 (in PMMA) — Adv. Funct. Mater., 2017, 27, 1603719°°
Cs[Eu((S)-hfbev),] °Dy to "F; 594 0.82 (solid state, thin film) — Chem. Commun., 2015, 51, 11903-11906>°
p-1 %Fs,5 to 2Fy), 985 0.072 (solid state) — Dalton Trans., 2023, 52, 17758-17766""
p-2 %F5, to *Fy, 982 0.045 (solid state) — Dalton Trans., 2023, 52, 17758-17766""
9418 | J Mater. Chem. C, 2025, 13, 9410-9452 This journal is © The Royal Society of Chemistry 2025
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the phosphoryl oxygen and the Eu(m) ion forces the s-cis
geometry of BIPYPO, resulting in eight coordination around
the Eu(m) ion in the s-cis Eu(m) complexes. The phosphorus-
nitrogen interaction induces a quasi-seven-coordinate Eu(m)
complex, which provides a conformational lock on the s-trans
geometry of the BIPYPO ligand. The sign of the CPL signals
between the s-cis and s-trans isomers changes due to the
variation in coordination geometry. For the °D, to “F, transi-
tion, the s-cis and s-trans isomers of Eu(u) complexes show
positive and negative CPL signals, respectively. When the
solvent is changed from acetonitrile-d; to acetone-dg, the ratio
of s-trans-p-1 to s-cis-p-1 rises, which causes a shift in the sign of
the CPL signals. The luminescence dissymmetry factor value of

[Eu(Phen)(D-facam);]; 3

i [Eu(S,S-Me-Ph-Pybox)(D-facam);]; 2-SS
: Inorg. Chem. 2012, 51, 6476-6485

Scheme 3 Chemical structures of the ligands and Ln complexes (1-R,
1-S, 2-SS, and 3).>

This journal is © The Royal Society of Chemistry 2025

p-2 for the *D, to “F; (gup) transition continuously changes
from the positive value of gyp = 0.66 to the negative value of
gup = —0.17 with an increasing acetone-ds ratio. The lifetime
studies depicted a bi-exponential decay, suggesting the two
emitting species (s-cis and s-trans isomers). They irradiated the
sample with a 375 nm excitation laser in the CPL measuring
system. A 50 kHz modulated photo-elastic modulator (Hinds,
PEM-90) was used to adjust the retardation of the emitted light.
They calibrated their EI-CPL instrument using a reference to
data acquired from a CPL spectrometer (JASCO, CPL-200).

Lunkley et al. (2011) studied the chiroptical spectra of Eu
complexes in different solvents.>* When the chiral systems have
well-defined symmetries and strong CPL activity, it may be
possible to create a “helicity rule” that determines helicity
configuration (clockwise and anti-clockwise) based on CPL sign
patterns. The precise chiral configuration in solution was revealed
by analyzing the luminosity and CPL of Cs[Sm((+)-hfbc),] in
chloroform and of M'[Eu((+)-hfbc),] complexes (M' = K, Na, Rb,
and Cs, Scheme 5) in chloroform, acetonitrile, and ethanol. When
the alkali metal ions and solvents were changed, the CPL and PL
spectra of M'[Eu((+)-hfbc),] exhibited behavior that was compar-
able to the exciton CD in the intraligand n-n* transitions. They
measured the CPL using a custom-built spectrometer. Table 1
depicts the measured gj,,m, values of the complexes.

Bari’s group investigated chiroptical characteristics such as
CD and CPL in the near-infrared range of two sets of Yb, Tm,
and Er complexes in 2022.%* The two complexes were a tetrakis,
C4 symmetric CsLn(hfbc), (Ln = Yb, Tm, Er) and a D3 sym-
metric [TMG-H'];Ln (BINOLate); (Ln = Yb, Tm, Er) (Scheme 6,
above). They used three distinct energy ranges for measuring
the chiroptical activity of Yb (900-1040 nm), Tm (1180-
1240 nm), and Er (1430-1600 nm). There are decent chiroptical
characteristics in emission and absorption for the ytterbium set

J. Mater. Chem. C, 2025, 13, 9410-9452 | 9419
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of complexes, which results from Stark splitting of the *F, to
’F5,, manifold. Outstanding g.ps values were also displayed by
these complexes, reaching as high as |1.70| for (CsEr(hfbc),)
and |0.40| for the ([TMG-H'];Er(BINOLate);) complex. The CD
and CPL spectra of some complexes have been depicted in
Scheme 6 (below). NIR-CPL spectra were recorded using a
home-built spectrofluoropolarimeter, with a Hamamatsu
R316 Ag-O-Cs photomultiplier tube. Table 1 depicts the mea-
sured gj,m values of the complexes.

The same group reported a new method for producing
OLEDs with up to 70% of CPEL (CP red emission) in 2015.>*
The important elements determining gg; value in CP-OLEDs
were explored using a chiral lanthanide complex as the guest
emitter. The chiral emitter selected for this prototype device
was the Ln(u) complex, CsEu(hfbc), (Scheme 7), which has the
greatest CPPL (gp;, = 1.38 at 595 nm). The emissive layer
consisted a blend of chiral Ln complex along with polyvinyl-
carbazole host and 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-
5-yllbenzene additive. Despite having a low PLQY (3% as
powder), this emitter offers an excellent trade-off between total
luminescence and polarization. For Eu °D, to “F; at 595 nm, a
grr, value of +0.73/—0.79 is observed for the devices with the

R M'[Ln((+)-hfbc)s la
(M'= Na, K, Rb, and Cs
,Ln=8m or Eu)

Inorg. Chem. 2011, 50, 12724-12732

Scheme 5 Chemical structures of the ligands and Ln

(M'[Ln((+)-hfbc)al).*2

complexes
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thinnest cathode. Similarly, they could observe a gg; value
of —0.09/+ 0.15 for the Eu °D, to “F, band at 612 nm. For Eu
Dy to “Fy, at 595 nm, a gpy, value of +1.41/—1.41 (in CHCI;) was
observed for the emitters (Table 1). A custom-built system was
used for the CPL measurement.

Similarly, they further demonstrate that appropriate active
layer formulation and device architecture fine-tuning enhances
the performance of chiral europium complex-based CP-OLEDs
(CsEu(—)-hfbc), in 2017 (Scheme 8).>° The gy values of the
emitter in poly(methyl methacrylate) (PMMA) reaches —1.35 =+
0.10 (595 nm, Table 1) in a custom-built CPL measurement
system. Polarization capabilities of gg;, = —1 are achieved with an
appropriate device design. The CP-OLEDs show remarkable
polarization of emitted photons at 595 nm (about 65-75%) using
polymer interlayers. The CP-OLED improved the EQE to 0.05%
using a semi-transparent cathode, which was ten times greater
than the control device. The fabricated devices attain gg;, values
of —0.88 + 0.14 (595 nm) and 0.14 + 0.09 (612 nm) at 6 V.

In 2012, Bari’s group used a bimetal complex (MLn(hfbc),)
(Scheme 9) prepared by Kaizaki et al. and provided a thorough
structural study in solution as well as potential dynamic
processes with the help of NMR.®® They could attain a precise
geometry for the CsEu(hfbc), solution. The void of perfluori-
nated chains perfectly accommodate the Cs" ion. This creates a
rigid structure with a small biting angle above the lanthanide
ion. This small angle prevents axial binding. It provides strong
binding interactions that inhibit dynamic rearrangement. This
factor could also help avoid the quenching of Eu-luminescence
commonly seen in hydrated complexes.

Similarly, they developed an Eu-based chiral complex (R/S-
Cs[Eu(hfbcv),]) (Scheme 10) that exhibits high CPL in the solid
state and near-UV excitation in 2015.>° Eu has a high tendency to
be bound by diketonate ligand that was based on carvone. In the
solid state, the Eu complex exhibits high red CPL with a g, value
of 0.82 at 594 nm (deposition of a few drops of the CH;CN solution
followed by slow solvent evaporation) (Table 1). The CPL spectra
measured using a home-made spectrometer with a PEM are
depicted in Scheme 10 (right) along with the g values. The main
focus of this work was to prevent unwanted (far)-UV irradiation by
pushing the excitation wavelength toward visible light and high
CPL. The developed complex could achieve both targets. In light of

This journal is © The Royal Society of Chemistry 2025
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Scheme 6 (Above) Chemical structures of the ligands and Ln complexes.> (Below) Top: NIR-CD spectra of CsYb(hfbc), (4 mM) and [TMG-H*15Yb(BINOLate)s
(8 mM) with average total absorption traced in the background. Bottom: NIR-CPL spectra of CsYb(hfbc), (1 mM) and [TMG-H*]3Yb(BINOLate)s (1 mM) with
normalised average total emission traced in the background spectra recorded in CH,Cl, at room temperature. /ey = 365 nm, Reproduced from ref. 53 with

permission from the Royal Society of Chemistry, copyright [2022].53

this, carvone, a chiral ketone was chosen and the diketone was
produced by a Claisen reaction using ethyl perfluorobutyrate.

Du et al. (2023) developed two sets of chiral Yb(m) enantio-
mers, p-1/1-1 and p-2/1-2, by inserting enantiomerically pure
mono-bidentate N-donor ligands (Lg/Ls) into Yb(btfa);(H,O0),
and Yb(dbm);(H,0), respectively (Scheme 11, above).”” The
Yb(m) ions in the mononuclear structures of p-1/t-1 were
eight-coordinated. The p-2/t-2 displayed cocrystal structures
with two Yb(m) ions that were eight (Yb(dbm)z(Lg/Ls)) and seven
(Yb(dbm);(C,HsOH)) coordinated. They exhibit diverse linear
and nonlinear optical properties and various chemical archi-
tectures. Compared to chiral cocrystal p-2, chiral mononuclear

This journal is © The Royal Society of Chemistry 2025

p-1 exhibits superior NIR-PL and CPL. NIR-CPL spectra of
p-1/1-1 and p-2/1-2 with total NIR emission profiles are depicted
in Scheme 11 (below) (gium in Table 1). CPL was recorded on an
Olis NIRCPL SOLO instrument.

2.2. Cyclen based ligands and chiral Ln complexes

The most often used ligands to stabilize Ln®" are derivatives of
the macrocyclic skeleton cyclen ring."” The macrocyclic rings
in cyclen structures have a quadrangular conformation. By
bridging N with various functional groups, chirality may be
imported into the inner part of the macrocyclic ring."” Through
macroring-sidearm cooperativity, the macrocyclic rings and

J. Mater. Chem. C, 2025, 13, 9410-9452 | 9421
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Scheme 9 Chemical structures of the ligands
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and Ln complexes
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connected coordinating sidearms are prone to bonding with
lanthanide ions. Walton et al. (2011) developed an isostructural
series of lanthanide complexes of a pyridylphenylphosphinate
ligand, L* (Scheme 12, left).®" The molecular core of the ligand
was based on triazacyclononane. The C3-symmetric clockwise
and anti-clockwise complexes of Eu and Tb are strongly emis-
sive. They developed a phosphinate-based L3 ligand, which
results in C3-symmetry chiral Ln complexes. The phosphorus
substituents tend to be orientated away from the 9-Nj; ring in
the phosphinate-based ligand complex (LnL?, Ln = Eu and Tb).
Due to the formation of steric bulk across from the macrocyclic
ring, the bound Ln(m) ion is protected from the solvent
environment. Nine ligand donors coordinate the lanthanide
ion, including the N atoms of the 1,4,7-triazacyclononane ring,
the N atoms of the pyridyl moiety and oxygen of the phosphi-
nate. A pseudo-C3 axis passes through the center of the
macrocyclic ring in the deformed tricapped trigonal prism that
surrounds the Ln(m) ion. The Eu and Tb complexes are highly
emissive in aqueous solution, with overall PLQY of 0.11 and
0.50, respectively. The CPL spectra of the resolved complexes
show mirror-image forms with an emission dissymmetry factor
(Table 2) of up to 0.4 (Scheme 12, right).

The same group observed that the helicity of the (SSS)-A
enantiomer was inverted upon binding of a Tb(m) and Eu(m)
complex to serum albumin’s “drug site I’ in 2008 (Scheme 13,
left).”® The A-(SSS)-Eu, Gd, and Tb complexes of ligand L'
selectively bound to serum albumin. A change in its CPL
indicated the inversion in helicity. They measured the CP
emission spectra of A{Tb-L']*" and A-[Tb-L*]*" with or without
additional BSA. No emission polarization or spectrum shape
change is seen with the A isomer between 0.03-0.3 mM BSA.
In contrast, the A-isomer causes a 35% drop in intensity and an
inversion of the emission sign. This is particularly noticeable in
the magnetic dipole-allowed °D,-’Fs transitions at 545 nm
(Scheme 13, right). For the A-isomer, this behavior aligns with
an inversion of the complex’s helicity in its protein-bound state.
Their helicity was reversed to maximize binding, and their
structure was controlled during this procedure. This process
is quick and reversible. This behavior is not seen with (R)-A
complexes, which defines a distinct chiroptical probe of albu-
min binding.

Similarly, they observed that serum albumin increases the
emission intensity of a monocationic Tb or Eu(u) complex of a
bis(1-azaxanthone) ligand in 2010 (Scheme 14, left).”! The Ln
complex stains the dividing cells, making mitotic chromosomes
visible. HeLa cells were used in cell uptake studies to investigate
the complexes [TbL?]" and [TbL']", and cellular staining was seen
using luminescence microscopy. The staining pattern (at high
concentrations of the added complex in the medium) aligns with
an endosomal/lysosomal distribution. Less than 10% of the cells
are stained at lower complex addition concentrations. The
staining pattern and the nuclear localization profile’s character-
istics align with the idea that cells going through the “M” phase
of division are being specifically labelled (Scheme 14, right).

Dai et al. outlined a productive method for creating water-
soluble chiral DOTA complexes with a very high ratio of twisted

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00097a

Open Access Article. Published on 02 April 2025. Downloaded on 1/20/2026 11:01:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

o i) LDA/E,0 (-90 °C) OH
ii) CF3CF,CF,COOEt &
H iii) H;O/HCI T
/ N

(hfbevH)©

i) 4 eq. Cs,CO;

: OH ii) LnCl,

0 —_———
L4

: O CH3CN

/\ C~(.: ¢
= Cs[Ln(hfbev),]
Chem. Commun., 2015, 51, 11903--11906 Ln =Eu

View Article Online

Journal of Materials Chemistry C

1.5
—— Cs[Eu((S)-hfbev)d]
] +0.19 —— Cs[Eu((R)-hfbev)s]
17 ~—— Fluo. linear anisotropy
05
)
T, NI
-0.47
0.40
-0.82
- o
' 580 600 620 640 660
,,,,,,,,, A/nm

Scheme 10 (Left) Chemical structures of the ligands and Ln complexes (R/S-Cs[Eu(hfbcv)4]).>® (Right) CPL spectra of Cs[Eu((S)-hfbcv)4] (black) and

Cs[Eu((R)-hfbcv)4] (blue) on a quartz plate upon irradiation at 370 nm,

Reproduced from ref. 56 with permission from the Royal Society of Chemistry, copyright [2015

square antiprismatic (TSAP) coordination geometry in 2019
(Scheme 15).°*> [LnL4]’~ Complexes form with up to 93% of
the TSAP isomer and exhibit excellent water solubility. With its
strong relaxivity, [GAL4]>~ is a promising and effective MRI

, % Yb(btffa);(H,0), Mononuclear Yb(lll) enantiomers
N \ - §< —— > Yb(btfa);Lg/Yb(btfa);Lg

/ \ / (D-1/L-1)

| \=N N Lr

I <\= ; i— p _ (D-21L-2)

Yb(dbm)3(H,0) Co-crystal Yb(lll) enantiomers

=z

I-S btfa- = 3-benzoyl-1,1,1-trifluoroacetonate,
E dbm- = dibenzoylmethanate

Dalton Trans.,2023,52, 17758—-17766

with calculated g, values and fluorescence linear anisotropies (green).
].56

contrast agent. High gj,, values are observed in buffer solu-
tions: 0.285 (AJ = 1) for [TbL3]™ and 0.241 (AJ = 1) for [TbL4]*~
(Table 2). CPL spectra were measured using a custom-built
spectrometer.
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Scheme 11 (Above) Chemical structures of the ligands and Ln complexes (p-1/1-1 and p-2/1-2).%” (Below) NIR-CPL spectra of p-1/1-1 (a) and p-2/1-2 (b)
with total NIR emission profiles (c) and (d) for each enantiomeric pair in the solid state at room temperature. Reproduced from ref. 57 with permission

from the Royal Society of Chemistry, copyright [2023].%”
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Scheme 12 (Left) Chemical structures of the ligands (L%) and Ln complexes.®! (Right) Circularly polarised luminescence spectra for the A (red) and
Alblue)-[Tb-L3] (upper) and [Eu-L®] (lower) (295 K, 1:1 ag. MeOH). Reproduced from ref. 61 with permission from the Royal Society of Chemistry,

copyright [2011].%*

In 2016, the same group introduced a class of chiral cyclen
derivative-based, highly emissive, stable Ln compounds with
strong CPL characteristics and high PLQYs (Scheme 16a).%® The
Eu(m) based complex, 5, could achieve high luminescence
intensity and the g, value of +0.3 (DMSO) at the °D, to "F;
transition. Similarly, the macrocyclic Eu(u) based complex, 7,
could achieve the absolute gy, of —0.23 at 589 nm in aqueous
solution (Table 2). In DMSO solution, the macrocyclic Eu(i)
based complex, 2, 3 and 4, could achieve the absolute gy, of
—0.18, 0.17 and —0.11 at 591 nm, respectively. The CPL spectra
was measured using a custom-built spectrometer.

DeRosa et al. investigated the effects of solvents on the CPL
and racemization kinetics of nine-coordinate chiral Eu(im)
complexes ([Eu-L'*], Scheme 16b).”> The nature of the solvent
significantly affects the magnitude and sign of the emitted CPL
signal. The allowed electric dipole AJ = 2 and AJ = 4 transitions

depicted this behavior. Low-polarity aprotic solvents such as
NMP and ethyl acetate enhance the CPL signal’s intensity in the
AJ = 2 manifold. They measured the CPL using a home-built
(modular, PEM-CPL) spectrometer. They also observed that the
choice of donor groups coordinating to Eu(ui) and the polarity
of the solvent influence the rate of racemization. Their work
concluded that certain systems exhibit very long half-lives at
room temperature in the non-polar medium.

2.3. Pyridine dicarboxylate-based ligands and chiral Ln
complexes

The Ln*" ions can strongly bind O atoms on the carboxyl and
nitrogen atoms on the pyridine ring in pyridine dicarboxylate
ligands. Muller et al. synthesized a chiral ligand (L*) with
asymmetric carbon-containing unit on the 4-position of the
pyridine ring in 2001 (Scheme 17, above).”® The synthesized

Table 2 Photophysical properties of cyclen and pyridine dicarboxylate-based chiral Ln complexes

Ln complex Transition Wavelength (nm) Dissymmetry factor (gum) PLQY (%) Ref.

AEuL? — 600 0.33 (1:1 MeOH/H,0) 0.11 Chem. Commun., 2011, 47, 12289-12291°*
ATbL? — 620 0.28 (1:1 MeOH/H,0) 0.50 Chem. Commun., 2011, 47, 12289-12291°"
[TbL3]~ D, to “Fs 542.5 0.285 (0.1 M of HEPES buffer) — Inorg. Chem., 2019, 58, 12506-12510°
[TbL4]>~ °D, to "Fs 542.5 0.241 (0.1 M of HEPES buffer) — Inorg. Chem., 2019, 58, 12506-12510%*

5 D, to 'F, 591 +0.3 (DMSO) 40.4 Inorg. Chem., 2016, 55, 9065-9070°

7 °D, to "Fy 589 —0.23 (H,0) 49.7 Inorg. Chem., 2016, 55, 9065-9070°
[Eu(3)s] — 619 0.06 (methanol) — Dalton Trans., 2011, 40, 12056-12059%*
Eu(1SS); (CFs805);  °Dg to 'Fy — 0.22 (methanol) 4.4 Chem. - Eur. J., 2013, 19, 16181-16186°
Eu(2RR); (CF3S0;3); Dy to “Fy — —0.24 (methanol) 4.4 Chem. - Eur. J., 2013, 19, 16181-16186°°
Eu(1(S)); °D, to "F, 589 0.16 (methanol) 1.6 +£ 0.5 Chem. Sci., 2015, 6, 457-471°°

Eu(1(R)); D, to “F 589 —0.15 (methanol) 214+ 0.1 Chem. Sci., 2015, 6, 457-471°%°
Eu-[2-(5,9)]; °Dy to "Fy 589 0.16 (H,0) — Faraday Discuss., 2015, 185, 413-431°”
Eu2-(R,R)]5 °D, to 'F, 589 —0.18 (H,0) — Faraday Discuss., 2015, 185, 413-431%"
[Eu-(1a);](CF3803);  °Dg to 'Fy — —0.016 (CH5CN) — Chem. - Eur. J., 2016, 22, 486 - 490%°
Sm-1, 1Gspp to ®Hs)p  — —0.44 (CH;CN) — Dalton Trans., 2019, 48, 11317-11325%°
Sm-2; 1Gspp to °Hspp  — 0.29 (CH;CN) — Dalton Trans., 2019, 48, 11317-11325%°
9424 | J Mater. Chem. C, 2025, 13, 9410-9452 This journal is © The Royal Society of Chemistry 2025
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Scheme 13  (Left) Chemical structures of the ligands and Ln complexes.”® (Right) CPL spectra for (SSS)-A-[Tb-L'®I** (blue) and in the presence of added

BSA (red) (295 K, D0, Aexc 348 nm, 15 mM complex, and 30 mM protein; relative (I, + Ig) =

from the Royal Society of Chemistry, copyright [2008].7°

ligand depicts the interaction with trivalent Ln ions. In acetoni-
trile, the chiral binding ligand, L*, produces stable [Ln(L*);]**
complexes with stability constant values (log ;) between 19 and
20. The specific rotational dispersion of the complexes is around
10 times greater than that of the ligand alone. The NMR data
shows only one time-averaged species with a trigonal symmetry
present in the acetonitrile solution. The helical P to M inter-
conversion quickly occurs on the NMR time scale. CPL depicts
weak effects on the Eu and Tb triple helical complexes, suggest-
ing little diastereomeric excess in the solution. The CPL spectra
of [Ln(L*);]** for the *D, to "F;(Eu) transition and °D, to “F5 (Tb)
transition is depicted in Scheme 17 (below). The CPL spectrum
of the °D, to F5 (Tb) transition displays peaks corresponding to
crystal-field splitting of the electronic levels and the calculated
Zium factor is 0.02.

|

[Ln.L2*

oo ool
9 SeoT

Z lN*%N/L'KN o
\_\(-)/%0 Ln = Tb or Eu(lll)

[Ln.L'OH,]*
Chem. Commun., 2010, 46, 2391-2393

Scheme 14 (Left) Molecular structures of some cyclen-based ligands and chiral Ln complexes ([LnL2]* and [LnLY*).”*

60 on this scale). Reproduced from ref. 70 with permission

A few symmetrical lanthanide bundles of the chiral Ln(1 or 2);
(Ln(m) = (Tb, Sm, Eu, Nd, and Yb)) complex were reported by
Gunnlaugsson’s group in 2007.”* The enantiomers of 1{1-
naphthyl]-ethylamine and 2,6-pyridinedicarbonyl dichloride were
reacted in a mixed solvent of triethylamine and anhydrous THF to
yield chiral ligands 1 or 2 (Scheme 18). Two naphthalene sidearms
on the pyridine ring in chiral ligands 1 or 2 have a “winglike”
conformation that primarily contributes to its chirality. Different
chiral ligands and Ln(CF3;SO;); combinations were reacted to
synthesize the complex. These ligands could interact with Ln**
through the N atoms on the pyridine ring and the O atoms on the
side carboxamide groups. Through n-n staking interactions, the
naphthalene units on the neighbouring two ligands encircle the
central pyridine ring on one ligand, completely arranging in a
helical style to wrap around Ln*'. For 1.Sm and 2-Sm, the CPL

(Right) Bright field (upper left and

lower right) and fluorescence microscopy images of Hela cells undergoing mitosis, with an illustrative of the cell cycle (0.5 mM, [Tb-L2ICL 3 h, Jeye
350 nm). Reproduced from ref. 71 with permission from the Royal Society of Chemistry, copyright [2010].”

This journal is © The Royal Society of Chemistry 2025
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Scheme 15 Molecular structures of some cyclen-based ligands and
chiral Ln complexes. Adapted from ref. 62.

signals are of equal and opposite sign and are 0.28 and 0.50 for
the 600 and 560 nm bands, respectively.

The same group in 2011 showed the synthesis of chiral
Eu complexes via 3 (R) and 4 (S) ligands (Scheme 19, left) and
Eu(CF;S0;); with 3:1 stoichiometry in acetonitrile solution
using time-dependent UV-vis absorption and emission
spectra.’* The developed complexes had “half helicates” geo-
metry. Three outer ligands were oriented toward the ‘half
helicates” in the crystal structures of [Eu(3 or 4);], leaving the
methyl groups outside of the central Eu**. The n—r interactions
between neighbouring antennas allowed for this design. Con-
sequently, [Eu(3);] exhibits gj,,, factors of 0.06 and —0.15 at 619
and 600 nm, respectively (Table 2). The CPL and CD spectra of
33-Euy(red) and 45-Eu, (blue) are depicted in Scheme 19 (right).

Similarly, when ligands 1 (S,S) and 2 (R,R) (Scheme 20,
above) are combined with Tb or Eu to form self-assembly
complexes, they only produce the 2:1 (Ligand : Ln) stoichiome-
try rather than the predicted 3:1 stoichiometry.””> When 0.5
equivalents of Tb(CF3SO;); are added to the ligand, the absorp-
tion intensity shows a hyperchromic effect in in situ UV-vis
spectra. Raising Tb(CF;S0;); to one equivalent only results in a
small absorption intensity increase. Absorption saturation is
reached when the equivalent of Tb(CF;S03); is above 1. Simi-
larly, the emission of Th** increases between 0 to 1 equivalents
before stabilizing at over one equivalent of Tb>". This verifies
that the preferred self-assembly complexes in this chemical
system are [Ln(1 or 2),] rather than the anticipated [Ln(1 or 2);].
The variations in the UV-vis absorption spectrum of 1 upon
titration with Tb(CF3S03); and the corresponding deviations in
the Tb(m) emission are depicted in Scheme 20 below.

They also investigated the impact of ligand isomerism in
solution and the solid state.® They developed several chiral

9426 | J Mater. Chem. C, 2025, 13, 9410-9452
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1- and 2-naphthyl derivatives of picolinic acid (1(S,S) and 2(R,R),
1'(S,S) or 2/(R,R)) (Scheme 21) and their Eu(m) complexes
(EuL3(CF3S03)3) that can self-assemble in methanol and acet-
onitrile. The Eu(m) center is completely shielded from solvent
molecules by these species’ strong binding constants with the
Eu(m) ion. This leads to the formation of assemblies with 1:3
Ln to ligand stoichiometries. Every Ln complex produces CPL
emission, verifying the enantiomer pairs. The chirality of the
Eu(m) complexes of 1(S,S) and 2(R,R) is validated by the X-ray
crystal structure data. This crystal structure also shows that the
ion is more densely packed because of higher n-n stacking
between the pyridyl and naphthalene groups than for those
formed from 1'(S,S) or 2/(R,R).

The same group synthesized chiral asymmetrical ligands
1(S) and 1(R) in 2015. Following their reaction with Eu(u) ions,
these ligands form red emissive complexes of Eu(1(S)); and
Eu(1(R));, respectively (Scheme 22, left).°® The complexes have
PLQY of around 2% in acetonitrile solution. The self-assembly
formation between chiral ligands and Eu compounds was
analyzed using various spectroscopic techniques. In each case,
the analysis points to the sequential development of M:L, M:L,,
and M:L; assemblies with similar binding constant values. The
chirality transfer from the ligand to the metal centers displays
the distinctive Eu(ur) CPL bands (Scheme 22, right). This makes
it possible to determine the absolute stereochemistry of the
self-assemblies for Eu(1(S)); (clockwise) and Eu(1(R)); (anti-
clockwise). They confirmed it for Eu(1(R)); by comparing it
with the solid-state crystallographic data. The luminescence
dissymmetry factors gi,m, for °D, to’F, transitions are 0.16 and
—0.15, while gy, for °Dy to 'F, transitions for the Eu(m)
complex with 1(S) and 1(R) are —0.09 and 0.10, respectively.
An argon ion laser was used as a pump source. The optical
detection system comprised of a PEM (Hinds Int.) operating at
50 kHz and a linear polarizer. The emitted light is detected by a
cooled EM1-9558QB photomultiplier tube.

In the same year, they reported the synthesis and use of
water-soluble chiral ligands (2(R,R) and 2(S,S)) (Scheme 23,
above) in the Ln self-assembled structure building process.®”
The synthesized ligands unit had two naphthalene moieties
acting as sensitizing antennae, which could be employed to fill
the excited state of Ln ions. These ligands were structurally
altered by adding a water-solubilizing sulfonate motif using
3-propanesulfone. Eu(m) and these ligands form chiral com-
plexes using microwave synthesis in 1:3 (M: L) stoichiometries.
The red Eu(ur)-based emission from these developed complexes
has PLQY of 12% in water. The chiroptical studies (CD and CPL
analysis, Scheme 23 (below)) indicate that the compounds are
chiral. The self-assembly between chiral ligands with Eu(u)
in situ was also examined using variations in the Eu(in) centered
emission and the ligands’ absorption. Through these modifica-
tions, they could investigate the different stoichiometries of the
metals and ligands. The g, values calculated from the Eu(u)
transitions in the CPL spectra of Eu-[2:(R,R)]; and Eu-[2-(S,5)]s
(in H,0) are 0.16 and —0.18 at 589 nm, respectively. Excitation
of Eu(m) (560-581 nm) was accomplished using a Coherent 599
tunable dye laser with an argon ion laser as a pump source. The

This journal is © The Royal Society of Chemistry 2025
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Scheme 16 Molecular structures of some cyclen-based ligands and chiral Ln complexes (a) (1 to 7);%% (b) ([Eu-L*"*]) complex.”®

optical detection system consisted of a photoelastic modulator
(PEM, Hinds Int.) operating at 50 kHz and a linear polarizer.
The emitted light was detected by a cooled EM1-9558QB
photomultiplier tube.

Gunnlaugsson’s group demonstrate easy synthesis of enan-
tiomers of chiral ligands (1-3, Scheme 24) from chiral amines
and bisalkyne in 2016.°® They grew the crystal structures for

This journal is © The Royal Society of Chemistry 2025

enantiomers of ligand 1. These ligands could complex with
Eu(m) and Tb(m), which shows luminescence centered on
Ln(m). The chiral character of the ligands was investigated
using CD and CPL spectroscopy (Table 2). The g, for the
most intense transitions in the Eu(m) complex for *D, to “F,
and °D, to “F, transitions are —0.016 and +0.023, respectively
for 1a. The dissymmetry factor for the *D, to “F; transition of
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Scheme 17 (Above) Chemical structures of the ligands.”® (Below) CPL
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excitation at 320 nm. Left: °Dg to “F4(Eu) transition, right: °D4 to “Fs (Tb)
transition. Reproduced from ref. 73 with permission from the Royal Society
of Chemistry, copyright [2001].7%

the TbIII complexes are +0.085 for 1a and —0.081 for 1b. A
tuneable dye laser was used to excite Ln(m) emission with an
argon ion laser as a pump source. The optical detection system
consists of a photoelastic modulator operating at 50 kHz and a
linear polarizer. Emitted light was detected by a cooled
photomultiplier tube.

9
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2007, 129, 10986-10987

5 H

Scheme 18 Chemical structures of ligands 1 and 2.4
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Further, the same group synthesized chiral 2,6-pyridine
dicarboxylic acid-based ligands in 2019 (1 and 2, Scheme 25,
left).%® The different Ln salts used for the complexation process
of Ln(CF;S03); were Lu(ur), Sm(u), Tb(ur), and Dy(i). They used
the expected formation of 1:3 and 1:1 Ln:ligand species in
solution for evaluation. They also measured the CD and CPL
spectroscopic studies for Tb(ur) and Sm(ur). The changes in CD
spectra of 1R upon the addition of Sm(CF;S0;); is depicted in
Scheme 25 (right). Ligand chirality was preserved and trans-
ferred to the lanthanide center upon complexation. High dis-
symmetry factor values were obtained for the Sm(ur) complexes
(Zlum = —0.44 and 0.29 for the “Gs), to °Hj/, transitions of Sm-1;
and Sm-23, Table 2). Excitation was performed using a Coherent
599 tuneable dye laser with an argon ion laser as a pump source.
The optical detection system comprised of a PEM (Hinds Int.)
operating at 50 kHz and a linear polarizer. The emitted light was
sensed by a cooled EM1-9558QB photomultiplier tube.

2.4. Linking through multiple oxygen and nitrogen atoms:
some polydentate ligands and chiral Ln complexes

Petoud et al described significant CPL activity of chiral-,
octadentate-, and 2-hydroxyisophthalamide ligands in 2007.7°
These ligands exhibit excellent luminescence characteristics
when combined with lanthanide ions in solution. They
achieved one ligand system (Scheme 26) that can sensitize four
distinct luminous lanthanide cations (Sm(u) and Eu(ut), Dy(u)
and Tb(m), [LnR(+) and S(—)BnMeH22IAM]). Furthermore, the
developed Sm(m) complex with chiral ligand has CPL activity.
The total PLQY of the Eu(u) complex is low, even though it
exhibits high CPL intensities. Although the Tb(m) complex has
a significantly higher quantum yield, the CPL effect is less
pronounced. The g, and quantum yield values of the com-
plexes is depicted in Table 3.

High CPL brightness is needed to realize the promising
potential of CPL emitters. Deng et al. 2020 reported the synth-
esis of enantiopure H8-Binol ligand-based Ln complexes ([(R/S-
Hg-Binol);LnNaj(thf)s]; Ln = Sm, Tb, and Dy) with C3-symmetry
(Scheme 27, above).”” These complexes demonstrate visible
luminescence in solution, displaying strong CPL for Sm, Tb,
and Dy with high luminescence dissymmetry factors (maxi-
mum |gj,m| ~ 0.44). These metal complexes also possess high
PLQYs for Sm (4%) and Dy (17%). The spectra of the two
enantiomers [(R/S-Hg-Binol);SmNa;] are exact mirror images
(Scheme 27, below). The transition from “Gs, to °H,, has the
largest dissymmetry factor (0.44) at 603 nm. At 576 nm, a
marginally lower CPL active signal (|gium| = 0.31) was noted
during the *Gs;,~°Hs/, transition, (Table 3). CPL was measured
with an Olis CPL Solo instrument.

Further, the same group attained CPL in two near-infrared
subregions in 2022.”® They synthesized the rigid binolate com-
plexes (Scheme 28) of erbium [(Binol);ErNa;] with a very high
dissymmetry factor (|gum|) of 0.47 at 1550 nm. These chiral
erbium compounds could emit beyond 1200 nm. Their group
observed that compounds of ytterbium and neodymium also
show substantial CPL (|gjum| = 0.17 and 0.05, respectively,
Table 3) in a higher energy wavelength region (800-1200 nm).

This journal is © The Royal Society of Chemistry 2025
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All the developed complexes show high PLQYs (Er: 0.58%, Yb:
17%, Nd: 9.3%). For [(S-Binol);ErNa;], a tetrasignate pattern is
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Scheme 20 (Above) Chemical structures of ligands 1 and 2.” (Below) (a)
Changes in the UV-vis absorption spectrum of 1 (upon titration with
Tb(CFsSOs)3) in CH3sCN. Inset: The changes at 275 nm for 1,Tb and 2,Tb.
(b) Corresponding changes in Tb(i) emission. Reproduced from ref. 75 with
permission from the Royal Society of Chemistry, copyright [2011].7°
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Scheme 21 Chemical structures of the ligands (1(S,S) and 2(R,R),
2'(R.R)).5°

1(S,S) or

seen at 1540 nm with an extraordinarily high maximum dis-
symmetry factor of +0.47. The enantiomer [(R-Binol);ErNas]
shows a dissymmetry value of —0.47 at 1540 nm and its spectra
are a perfect mirror image. The CPL was measured using an
Olis NIRCPL Solo instrument.

Raymond’s group present a novel class of Ln compounds
assembled on chelating units of 2-hydroxyisophthalamide in
2003.%° Their group synthesized the macrobicycle H;L' and the
octadentate ligand H,L*. These ligands develop stable and lumi-
nous Ln complexes (Ln = Sm, Eu, Tb, and Dy, Scheme 29a).
Reaction of ligands with Ln(NOj3); or LnCl; (where Ln = Sm, Eu,
Tb, or Dy), two molecules of H;L' or one of H,L” yield the
complexes [(Ln(H,L"),)]Br and [Ln(H,L?)Br, respectively. They
developed single crystals of the [(Eu(H,L"),)]Br complex by slowly
allowing acetone to diffuse into a complex solution in a DMF,
water, and MeOH combination. The developed ligands effectively
sensitized several lanthanide cations emitting in the visible
spectrum. When the lanthanide was introduced to the ligand
solution, the emission from the ligand disappeared, indicating
effective ligand-to-lanthanide energy transfer. The same group in
2007 synthesized multidentate ligands (H,1 and H,2, Scheme 29b)
and highly emissive, enantiopure, and water-soluble Eu(m) and
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Th(m) complexes.”® Both [Tb(H,)] and [Eu(H;)(H,O)] complexes
exhibit high luminescence and are soluble in aqueous solutions.
Complex [Eu(H;)(H,0)] has the same position of the UV absorp-
tion maximum for the n-c* transition as in a similar complex with
the achiral ligand. In aqueous environments, the quantum yield
for [Tb(H,)] is very high (~0.57). Similarly, the PLQY of
[Eu(H,)(H,0)] (0.077) falls within the range of commercially avail-
able Eu(m) luminous probes. These Tb- and Eu-containing water-
soluble compounds show comparatively high CPL activity (gium),
with —0.083 {Tb(>D, to "Fs)} and —0.12 {Eu(’D, to "F;)} (Table 3).

9430 | J Mater. Chem. C, 2025, 13, 9410-9452

Harada et al. synthesized Eu(m) complexes with point- and
axis-chiral ligands that exhibit CPL: [Eu((R/S)-BINAPO)(p-facam)s],
[Eu(TPPO),(p-facam);], [Eu(BIPHEPO)(p-facam);] and [Eu((R)-
BINAPO)(hfa);] in 2009 (Scheme 30).*° The CPL dissymmetry
factors are 0.44 [Eu((R)-BINAPO)(p-facam);], 0.34 [Eu((S)-BINAPO)-
(p-facam);], 0.24 [Eu(BIPHEPO)(p-facam);], and 0.47 [Eu(TPPO),-
(p-facam);] (Table 3). There is a somewhat lesser dissymmetry
factor for [Eu((R)-BINAPO)(hfa);] (|gcpL| = 0.03). CPL spectra were
measured with a JASCO CPL-200 spectrometer. The terminal
P=O0 groups in ligands and TPPO interacted with Eu** to make

This journal is © The Royal Society of Chemistry 2025
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Eu-O bonds. The [Eu(TPPO),(p-facam),] complexes crystallize in a
square antiprism geometry.

Further, their group studied an Eu(m) chiral coordination
polymer, [Eu(hfa);((R)-bidp)],, using a structural transformation
system in 2017 (Scheme 31).®" The Eu(m) coordination polymer
has a helical polymer structure and distinctive hydrogen-fluor-
ine/m interactions in the crystal. The compound exhibits strong
PLQY (76%) and high thermostability in the solid form. The
emission spectra of the complex transformed in solution. Photo-
physical studies reveal that the coordination polymer in solution
changes into distinct complexes. These individual complexes
exhibit chiroptical features in liquid medium. CPL was mea-
sured using a JASCO CPL-300 spectrofluoropolarimeter.

Tsurui et al. synthesized four Eu(m) complexes in
2020: [Eu(hfa)s((R,R)/(S,S)-B2QPO)] and [Eu(hfa);((R)/(S)-B3QPO)]
(Scheme 32, above).®” These complexes include point-chiral
phosphine oxide ligands. [Eu(hfa);((R,R)-B2QPO)] shows a sig-
nificant gepr value of 0.08 and high PLQY (55% in dichloro-
methane and 63% in solid). The ligands in [Eu(hfa)s;((R,R)-
B2QPO)] have a higher structural strain. This large strain results
in an additional LMCT band in the CD signals of this complex.
The CPL spectra of the developed complexes are depicted in
Scheme 32 (below).
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Controlling stereoselectivity in self-assembly of lanthanide
helicate is problematic due to low stereochemical preference
and fluctuating coordination numbers in Ln(ur). A pair of triple-
stranded helical enantiomeric complexes were synthesized by
Liu et al. in 2018 (Ln(TTEA)((R/S)-BINAPO), Ln = La, Eu, Gd,
Scheme 33).%* The chiral BINAPO ligand stimulates the assem-
bly of achiral tris-B-diketone ligands (TTEA) with Ln(m) ion.
This stimulation by the chiral ligand results in a homochiral
helical-shaped structure. They grew the single crystal of the Ln
complex. Examination of the crystal structure revealed that the
formation of one-handed helical sense in achiral tris-p-
diketone was induced by intramolecular hydrogen bonding.
The chiroptical activities of the TTEA ligand in the excited state
were also induced by the chiral BINAPO ligand. It causes
intense CPL in the Eu(u) complexes and greatly increases their
PLQYs. The developed complex displays PLQY of 32.8% and
strong CPL with |gjum| values up to 0.072 (Table 3). CD and CPL
were measured using an Olis DM 245 spectrofluorimeter.

Bari’s group developed CPL-NIR emissive Yb and diketonate-
based complexes in 2019 (Scheme 34a).** The developed com-
plexes emit in the 920-1050 nm range through f-f transitions.
The PLQY of the complexes show good quantum yields for
Yb(TTA);iPrPyBox (0.69%) and Yb(TTA),PhPyBox (0.62%). The
CPL of YDb(TTA);iPrPyBox in DCM solution was measured
between 900-1050 nm. A manifold with positive and negative
bands was observed, which can be connected to the ®F, to
’Fs,, transitions. The CPL band for the complexes was observed
at 972 nm, with gj,,, of —0.025 and +0.029 for the (R,R) and (S,S)
enantiomers, respectively. The NIR-CPL spectra were measured
using a home-built spectrofluoropolarimeter.

The same group investigated enantiopure chiral trivalent
lanthanide complexes (Ln** = Eu**, Gd**, La*", Sm*", Tm*, and
Yb*") using achiral tris(B-diketonate) based ligands and a chiral
PyBox unit as a neutral auxiliary ligand in 2018 (Scheme 34b).*®
They investigated various optical and chiroptical characteristics
(CD and CPL) in the UV to IR range. They recorded CPL and PL
spectra in DCM for the iPrPyBox and PhPyBox ligands
(Sm(HFA);-PyBox and Sm(TTA);-PyBox). Three distinct transi-
tions were observed in the case of Sm(3+) complexes: “Gs, to
®Hj), at 561 nm, *Gs,, to °H,,, at 596 nm, and *Gs, to ®Hy), at
643 nm. The CPL spectra show richer multiplets inside each

3% 80 1

50

0 equiv. Sm"
0.33 equiv. sm"
5 equiv. Sm"

T — 1
275 300 325 350

Wavelength (nm)

C.D./mdeg

Scheme 25 (Left) Chemical structures of ligands and Ln complexes.®® (Right) Overall changes in the CD spectra of 1(R) (3.4 x 10™> M) upon titrating
against increasing concentrations of Sm(CF3SOs)s (0 to 5 equiv.) at RT in CH3CN. Reproduced from ref. 69 with permission from the Royal Society of

Chemistry, copyright [2019].5°
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spectroscopic term than their PL counterparts. The complexes
of Sm** containing iPrPyBox exhibit the greatest |gi,m| factors
at the most intense CPL transition at 595 nm (Sm(HFA);-(R)-
iPrPyBox) (|0.18|) and Sm(TTA);-(R)-iPrPyBox (|0.10|) (Table 3).
The gium value is lower for complexes with PhPyBox (~ 0.035).

In 2011, Yuasa et al. studied the opposite chiroptical activity
of Europium-based complexes.®® These complexes comprise
achiral HFA and various chiral ligands (Scheme 35). Single
crystal X-ray studies found noncovalent interactions between
chiral pybox ligands and achiral HFA ligands in three complexes:
n-n stacking in [(Eu(ur)(R)-Ph-pybox)(HFA);], CH-F interactions in
[(Eu(u)(R)-i-Pr-pybox)(HFA)3,], and CH-n interactions in [(Eu(u)(R)-
Me-Ph-pybox)(HFA);]. These intermolecular interactions cause
asymmetric arrangements of surface HFA ligands, resulting in
lanthanide complexes with inherent chirality. These intermolecu-
lar interactions also cause varying structural geometries in com-
plexes. During the °D, to “F; transition of Eu*", [(Eu(m)(R)-Ph-
pybox)(HFA);] has a positive gy, of 0.15, whereas [(Eu(m)(R)-i-Pr-
pybox)(HFA);], and [(Eu(u)(R)-Me-Ph-pybox)(HFA);] have negative
Zium Of —0.46 and —0.35, respectively (Table 3).

Song et al. observed chirality transfer from p- and r-proline
polymers to TTA-cooperated europium complexes (Scheme 36a),
with the maximum g, factor of +0.41 for L-proline and ~0.42
for p-proline at 596 nm for the *D, to “F; transition of Eu*".%”
Proline could cause circularly polarized luminescence in Eu(u)
containing polymers. The polymer has a much larger optical

9432 | J Mater. Chem. C, 2025, 13, 9410-9452

anisotropy factor (gim) during the °D, to “F/’F, transition than
a single model molecule. CPL emission was amplified due to the
conjugated polymer structure. CPL was measured using the DSM
17 CD polarization spectrophotometry system.

Leonzio et al. in 2018 developed a novel chiral complex,
[EuL(tta),(H,0)], where the ligand L is mentioned in
Scheme 36b.%% The solid-state structure contains one chiral L,
two tta, and one water molecule attached to the metal center.
The ligand L and tta molecules efficiently capture and transport
UV light absorbed between 250 and 400 nm to Eu(u). The Dy to
’F, emission band dominates the Eu(m) emission spectra in
solid state and acetonitrile or methanol solvent. The quantum
yield of the metal ion was 40-50%. The enantiopure complex
emitted highly polarized light, with a maximum emission
dissymmetry factor (gjum) of 0.2 in methanol solution. When
Eu(m) is dissolved in methanol, its initial coordination sphere
contains one CH;OH molecule instead of water, as opposed to
the solid state or acetonitrile solution. These two solvents have
distinct Eu(m) CPL fingerprints. The CPL spectra were mea-
sured using a homemade spectrofluoropolarimeter.

Atzori’s group observed magneto-chiral dichroism via light
absorption in an enantiopure lanthanide complex in 2021.°°
The P and M enantiomers of [Yb(m)((X)-L)(hfac)s] (X = P, M;
L = 3-(2-pyridyl)-4-aza[6]-helicene; hfac = 1,1,1,5,5,5-hexafluoro-
acetylacetonate) (Scheme 36¢) were examined in the near-
infrared spectral window. Irradiating these chiral complexes

This journal is © The Royal Society of Chemistry 2025
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with unpolarized light in a magnetic field results in a significant
magneto-chiral dichroism signal. This indicates the electronic
transition of Yb(m) from °F,, to Fs;,. The low-temperature
absorption and magneto-chiral dichroism spectra show a fine
structure caused by crystal field splitting and vibronic interaction.

Wau et al. synthesized two mononuclear Dy complexes, which
exhibited significant magnetic properties and stability in air
(1 and 2, Scheme 37, left)."®" These complexes were synthesized
using bulky equatorial macrocycles to prevent dimerization. The
CD spectra of the 1 and 2 complexes are depicted in Scheme 37
(right), which confirms the mirror image relationship between the
two enantiomers. These complexes show typical zero-field single-
molecule magnet behavior, characterized by slow magnetic relaxa-
tion at low temperatures. They conducted temperature-dependent
magnetic susceptibility measurements, revealing weak ferromag-
netic intermolecular interactions and significant crystal field
effects at the Dy(m) ion. They identified the Orbach and Raman
processes as predominant magnetic relaxation pathways. Single-
crystal X-ray diffraction analysis show that both complexes crystal-
lize in a chiral space group (P2,). The Dy(m) ion was found in an
NgF,0; environment with a hula-hoop geometry.

The same group also synthesized Dy(m) based macrocyclic
complexes with single-molecule magnet properties (RRRR-Dy-
DenFis (1) and SSSS-Dy-Dg,Fi, (2), Scheme 38).'°> The synthe-
sized complexes achieve a record anisotropy barrier exceeding
1800 K and a relaxation time of nearly 2500 s at 2.0 K. These
Dy(m) based complexes exhibit axiality in their ground Kramer’s
doublet. This allows for open hysteresis loops up to 20 K in
magnetically diluted samples. Both complexes crystallize in the
polar space group C2 with Dg, symmetry and exhibit a decom-
position temperature above 250 °C. Introducing fluorinated
substituents enhances the magnetic anisotropy and stability
of the complexes.

Liu et al. designed and synthesized three chiral binuclear
Eu(m) complexes coordinated with different chiral Schiff base
ligands (1-R/1-S, 2-R/2-S and 3-R/3-S, Scheme 39).%° CPL is signifi-
cantly enhanced through structural modification of ligands in
chiral binuclear Eu(m) complexes. There is a five-fold increase in
the luminescence dissymmetry factor based on the polarity of
substituents at the chiral carbon sites of the ligands (Table 3). The
synthesized Eu(m) complexes could recognize Co(u) ions and be
applied in anti-counterfeiting and luminescence sensors. The
steric hindrance and electronic effects of the substituents on
the ligands could change the local symmetries of the Eu(m)
centers. The transition from methyl to phenyl substituents
increase the electron-withdrawing effects, further enhancing CPL.

Adewuyi and Ung synthesized two chiral erbium Shibasaki-
type complexes, [(R/S-Fi, Binol);Er][M];, where M = Li and K
(Scheme 40).°° They resolved the racemic mixture of Fy,Binol
ligand and coordinated it to erbium salts. The highest quantum
yield of the synthesized complex is 11%. The CPL brightness
values reached 317 M~ ' cm™" due to the total fluorination of
the ligand, which mitigates nonradiative quenching from C sp*-
H vibrations. The developed complexes exhibit distinct chirop-
tical properties. The [(R-F;, Binol);Er|[K]; complexes have a CPL
signal between 1470 and 1520 nm and the strongest gj,m value

This journal is © The Royal Society of Chemistry 2025
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of up to 0.17 (Table 3). They measured the CPL using an Olis
NIR CPL Solo instrument.

Mizzoni et al. synthesized two enantiomeric complexes,
(R,R)/(S,S)-[YbLICI (Scheme 41, left).”" The ligand L is a con-
jugated chromophoric ligand, and the complexes were character-
ized in polar protic solvents. The Yb(ur) complex emits at ~980 nm
and is efficiently sensitized by the excitation of the picolinate
antenna in the UV region around 330 nm. This indicates a strong
energy transfer between the ligand and the metal ion. The com-
plexes exhibit CPL (on a homemade apparatus) with gj,,, values of

This journal is © The Royal Society of Chemistry 2025
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[0.02] at 984 nm and |0.04| at 1021 nm. The CPL spectra in water
and methanol are represented in Scheme 41 (right). The strong
thermodynamic stability of the YbL species make it dominant at a
physiological pH of 7.4. DFT calculations show that the cis-0,0-N,N
isomer of the Yb(ir) complex is the most predominant in aqueous
solutions. Two-photon absorption in the NIR region could trigger
Yb(m) luminescence.

Diogenis et al. developed a set of [Eu(hfa);(chiral)] complexes,
where chiral = S-Bn-pybox, S-Ph-pyox, and (R)-Cl-(S)-Phpzox
(Scheme 42, above).”> This work presents significant findings
regarding enhancing CPL brightness in Eu(m) B-diketone com-
plexes with chiral auxiliary ligands. They analyzed how the
dissymmetry factor (gjum), CPL brightness, and overall emission
quantum yield can be fine-tuned by varying the electronic struc-
ture and symmetry of the Eu(m) coordination polyhedron through
opto-structural correlations of these complexes. The [Eu(hfa)s-
(S-Bn-pybox)] complex exhibits the highest CPL brightness at
465 M~! em™! for the °Dy-'F, transition in dichloromethane
(Scheme 42, below). The same complex also demonstrates a
significant gj,m of 0.36 for the *Dy-"F, transition (Table 3). The
overall emission quantum yield for [Eu(hfa);(S-Bn-pybox)] is
41.4%, which is attributed to the low local microsymmetry of
Eu(m). They analyzed the bright CPL resulting from a combination
of high emission quantum yield and a large branching ratio of the
>Dy-F, transition.

Sickinger et al. synthesized chiral Yb(m) complexes
[Yb(S,S/R,R-L"*?,(OTf);)] (Scheme 43, above) having a three-
fold symmetry.'® Single crystal structures reveal that both
enantiomers crystallize in the orthorhombic P2,2,2; space
group. The Yb(m) ion was coordinated by three ligands, which
result in clockwise and anti-clockwise chirality based on the
ligands’ configurations. CPL spectra of the developed Yb(ur)
complexes were measured using a dual near-infrared CPL
spectroscopy setup (on a homemade apparatus) across a wide
temperature range from room temperature to 4 K. Decreasing
the temperature to 77 K results in a narrowing of the emission
bands. It also leads to a reduction in the contribution of hot
bands. The CPL and ECD show that the g, is temperature-
dependent (Scheme 43, below). CPL spectra are influenced by
the thermal population of excited states, which varies with
temperature.

Schnable and Ung synthesized two new CPL-active Ln com-
plexes based on sphenol that emits in the NIR region ([(sphe-
nol);LnNag(thf)s Ln = Y, Er and Yb] Scheme 44a).'® Including a
quaternary carbon in the sphenol ligand significantly enhances
the CPL strength of the synthesized complexes. The gj,m for the
[(sphenol);ErNas(thf)s] complex reaches 0.77 (Table 3). The
rigid structure of the sphenol ligand contributes to the high
dissymmetry factors for Shibasaki-type complexes. However,
chiroptical measurements are highly sensitive to variations in
instrumental parameters. Therefore, standardized measure-
ment techniques can improve the comparison of different
CPL emitters (CPL was measured using an Olis NIR CPL Solo).

Caffrey et al. synthesized chiral pyridyl-diamide (pda)
ligands (1-4, Scheme 44b).>* These ligands were derived from
chelidamic acid and 1-(1-naphthyl)-ethylamine through peptide
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coupling reactions. The ligands were reacted with Eu(CF;S03); measured using a photoelastic modulator spectrometer) due to
to form 1:3 (Eu:L) complexes (55-12R). The ligand chirality is the ligand chirality and the helical arrangement around the
preserved from the solution to the solid state. The chirality of Eu(m) center.

the ligands significantly influences the luminescence charac- Sickinger et al. synthesized enantiomers of erbium(m) com-
teristics of the complex. The complexes exhibit high gy, (CPL  plexes ([Er(S,S)/(R,R)-(L);](OTf)s), (Scheme 45, left) that exhibit
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(R,R)-B2QPO)] ((i), red solid line), [Eu(hfa)s((R)-B3QPO)] ((ii), black solid line), [Eu(hfa)s((S,S)-B2QPO)] ((iii), red dashed line) and

[Eu(hfa)s((S)-B3QPO)] ((iv), black dashed line) in dichloromethane. Reproduced from ref. 82 with permission from the Royal Society of Chemistry,

copyright [2020].82

distinct clockwise and anti-clockwise helicity.'®* They analyzed

these complexes using NMR and FTIR spectroscopies, and
mass spectrometry. The crystal structure of the [Er(R,R-L);]*"
complex has a coordination environment of N3O around the
Er(m) center. The complexes have a broad absorption band
centered around 455 nm. This band is attributed to intra-ligand
charge transfer transitions. There is no distinct absorption
band for the free ligand, even at low concentrations. This
confirms the stability of the complex. The characteristic erbium

This journal is © The Royal Society of Chemistry 2025

transition at 1520 nm is observed upon excitation, with a broad
spectrum showing multiple bands. The reduced slit aperture
improves CPL spectral resolution (measured on a homemade
apparatus) but decreases signal intensity (Scheme 45, right).
The different experimental bandwidths impact the dissymme-
try factors. The maximum gj,, value of 0.66 is recorded at the
lowest experimental bandwidths.

Tang et al. synthesized R/S-Ln complexes through a [2+2]
imine condensation reaction (R/S-Ln and R/S-Eu-Ph;PO,
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Scheme 33 Chemical structures of the ligands and Ln complexes.®*

Ln = Eu, Gd, Scheme 46, above).”* The developed R/S-Eu and
R/S-Eu-Ph;PO exhibit efficient CPL (recorded on a Jasco CPL-
300 spectrometer) with maximum gj,, for these compounds of
0.098 and 0.110, respectively. The CD spectra of R/S-Eu is
depicted in Scheme 46 (below). The R/S-Eu-Ph;PO complex
shows stronger emission intensity and a longer luminescence
lifetime than R/S-Eu. This difference is attributed to the lower
vibrational coordination structures surrounding the Eu(m) ion
in the Ph;PO complex. R/S-Gd reached high relaxivity values up
to 35.04 and 34.09 mM ' s™! for the R and S enantiomers,
respectively. Moreover, Gd(m)-chelates have low toxicity and are
effective for MRI in A549 cells.

View Article Online

Review

Liu et al. synthesized the chiral double-decker Dy(u) macro-
cycles with fluoride ions as their sole axial ligands (1/2,
Scheme 47, left)."> The macrocycles exhibit strong intra-
molecular ferromagnetic coupling. Both Dy(u1) ions were coor-
dinated with a hula-hoop coordination geometry with a C,,
symmetry. The developed Dy(m) macrocycles depict a two-step
magnetization relaxation in a zero DC field. Moreover, this
arrangement leads to different Dy-F distances for the two Dy()
ions. The collinear arrangement of the magnetic anisotropy
axes contribute to the stability of the macrocycles. The CD
spectra of these two enantiomers are mirror images of each
other (Scheme 47, right).

Helicenes are known for their intrinsic helical chirality and
exceptional chiroptical properties. making them valuable in
chiral materials research. Abhervé et al. synthesized the enan-
tiopure versions of tridentate bis(pyrazolyl)pyridine (bpp)
ligands with a helicene unit (6M/6P, Scheme 48a).”> They
characterized these ligands through their structural and chir-
optical properties. The synthesized ligands were complexed to
Eu(mr) and Yb(w) ions to form emissive complexes (Ln(tta);6M
or 6P). The bpp-helicene ligands could efficiently sensitize the
luminescence of the Eu(u) center through energy transfer from
the ligand’s first triplet state. The developed Eu(ur) and Yb(ur)
complexes could achieve a quantum yield of 32% for the Eu
complex, indicating effective energy transfer. The chiral Eu(m)
complexes exhibit CPL (giu, values in Table 3, CPL recorded on
a home-made spectrofluoropolarimeter), despite the helicene’s

Chem. Commun., 2019, 55, 6607--6609

Yb(TTA); (R,R)-'PrPyBox
Yb(TTA); (S,S)-PrPyBox
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o o
(b) o o
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N
| o
o N
N

/('N
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I~ 0,
W vV
:,‘ N N
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Ph-PyBox

Dalton Trans., 2018, 47, 7166-7177

Scheme 34 Molecular structures of some polydentate ligands and Ln complexes. (a) Yb(TTA)siPrPyBox and Yb(TTA)sPhPyBox.®* (b) Ln(HFA)s-PyBox/

iPrPyBox and Ln(TTA)s-PyBox/iPrPyBox.8°
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Scheme 35 Molecular structures of some polydentate ligands.8®
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Scheme 36 Molecular structures of some polydentate ligands and Ln complexes (a) P1, P2 and P3;%” (b) [EuL(tta)>(H»O)1;%8 (c) [Yb(u)((X)-L)(hfac)s] (X = P,

M); L = 3-(2-pyridyl)-4-azal6]-helicene 1°°

remote position relative to the coordination pocket of the
ligand.

Willis et al. synthesized analogs of Shibasaki’s complexes
supported by enantiopure Spinol ([(R-Spinol);LnNas(thf)s];
Ln = Sm, Eu, Tb, Dy) (Scheme 48b).°°® The developed
complexes could achieve a CPL (recorded on an Olis CPL Solo

This journal is © The Royal Society of Chemistry 2025

spectrofluorometer) with gj,,, reaching up to 0.53 for Tb and Dy
complexes and 0.50 for Sm complexes (Table 3). They could also
achieve NIR emission with Sm complexes at around 980 nm. The
Tb complex achieves a CPL brightness of 3760 M~ " cm ™, which
can be attributed to efficient sensitization of the complex. The
developed complexes emit high quantum yields with values of
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Scheme 37 (Left) Chemical structures of the ligands and Ln complexes (1 and 2).2°! (Right) CD spectra of 1 (red) and 2 (blue) in MeOH. Reproduced from

ref. 101 with permission from the Royal Society of Chemistry, copyright [2022
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Scheme 39 Chemical structures of ligands and Ln complexes (1-R/1-S, 2-R/2-S and 3-R/3-5).8°

84.6% for Tb and 15.5% for Dy. However, the Sm complex has a  The complexes show long luminescence lifetimes (69.4 ps for Sm,
low quantum yield attributed to the nonradiative decay pathways. 1180 us for Tb, and 70.9 us for Dy), indicating stable excited states.
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Li et al. explored the replacement of coordinated two water
molecules in Yb(tta);(H,O), with enantiomerically pure bidentate
and tridentate N-donor ligands.®” This replacement in the sphere
results in eight- and nine-coordinated Yb(m) enantiomeric pairs
((Yb-R-1/Yb-S-1) and (Yb-R-2/Yb-S-2) Scheme 48c). Yb-R-1 coordi-
nated to ligand ('Lg) has a high NIR photoluminescence quantum
yield of 1.26% at room temperature. However, Yb-R-2, which uses
a C2-symmetric tridentate ligand (*Lg), shows a lower quantum
yield of 0.48%. The emission decay lifetime for the *Fs, to *F,
transition is 20 ps for Yb-R-1 and 8 ps for Yb-R-2 at room
temperature. This suggests that Yb-R-1 has a more favorable
emitting center due to its mononuclear structure. The gjym for
Yb-R-1 is 0.077, which is significantly higher than the value of Yb-
R-2(0.018) (CPL recorded on an Olis CPL Solo NIR) (Table 3). Yb-R-
1 exhibits a stronger second-harmonic generation response (0.8 x
KDP) than Yb-R-2 (0.1 x KDP). Yb(tta);(H,O), has a strong third-
harmonic generation response (41 x o-SiO,). However, replacing
two coordinated water molecules in Yb(tta);(H,O), with enantio-
merically pure bidentate and tridentate N-donor ligands results in
a switch from THG to SHG in the chiral complexes.

Marydasan et al. synthesized a series of optically active
heterobimetallic Eu(m) complexes with the formula M'[Eu((+)-
tfac),], where M = Cs, Rb, K, Na (Scheme 49, left)."°® The
synthesized complex M'[Eu((+)-tfac),]”, where M = Cs shows

PO O
OPeg;
Peg;0,
MeOH,NaOH
2
Sy | o YbCI3 6H,0(pH 5.5)

z

X, N,
N

IN\ N
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H;c0” N0
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';O

(S,5) or (RR)-YbLICI
(RR)-{YbLICI

New J. Chem., 2024, 48, 9627-9636
(RR)-1

View Article Online
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the highest inhibition rate of approximately 88% against Sta-
phylococcus aureus. The other complexes exhibit 70-75% inhi-
bition. The complexes display high CPL (on a Jasco CPL-300
instrument), with the Cs derivative showing a high gy, value of
approximately —0.29 for the °D, to ’F; transition at 595 nm
(Scheme 49, right). The luminescence intensity increases with
the size of the alkali metal ion. The synthesized complexes
could self-assemble into well-defined chiral nanostructures.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) reveal long wire-like structures with an
average width of 200 nm and lengths of several micrometers.

Willis et al. synthesized Ln enantiomeric homo- and hetero-
leptic complexes emitting in the range of 1400 to 1600 nm
(CsEr(hfbc),, [TMG-H';Er(BINOLate);, Er(NTA);iPr/PhPyBox)
(Scheme 50, left).”® Inexpensive optics were used to measure left
and right CPL components with a custom-built instrument. The
homoleptic complex CsEr(hfbc), exhibits the highest g, value
of 0.83 at 1510 nm. The heteroleptic complex [TMG-H'J;Er-
(BINOLate); shows a gj,m value of 0.29 at 1545 nm (Table 3).
The CsEr(hfbc), complex displays a structured emission profile
with four distinct maxima at 1477, 1509, 1530, and 1542 nm
(Scheme 50, right). These CPL signals depict a mirror image
behavior, highlighting the chiral nature of the emission. The
Er(NTA);PhPyBox complex exhibits a narrow emission band with
simple chiroptical features. However, the Er(NTA);iPrPyBox shows
no measurable chiroptical activity.

3. Different types of CPL spectrometers

A CPL spectrofluoropolarimeter generally consists of a light
source, quarter-wave plate, or photoelastic modulator (PEM),
and linear polarizers, monochromators, and detectors. The
PEM and a linear polarizer distinguish between left and right
CPL. A monochromator is used to filter specific wavelengths
and detectors such as photomultiplier tubes (PMT) amplify

i — (S:SHYbLIC!
1 0015 —RRMYBLICI

Normalized intensity (a.u.)

960 980 1000 1020 1040
Wavelength (nm)

[— (SSHvoLCH
— (RRMYOLCI 10

u

Normalize intensity (a.u.)

i 00
%0 90 1000 1020 1040

Wavelength (nm)

Scheme 41 (Left) Chemical structures of the ligands and Ln complexes (R,R)/(S.5)-[YbLICL®® (Right) CPL spectra of (S,5)-[YbLICL and (R,R)-[YbLICl
complexes in water (up) and in methanol (bottom) emitting in the near-infrared region. Reproduced from ref. 91 with permission from the Royal Society

of Chemistry, copyright [2024].°
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(Above) Chemical structures of the ligands and Ln complexes [Eu(hfa)s(chiral)]; chiral = S-Bn-pybox, S-Ph-pyox, and (R)-Cl-(S)-Phpzox,

adapted from ref. 92. (Below) Total emission spectra (red area) and CPL spectra of (A) [Eu(hfa)s(S-Bn-pybox)], (B) [Eu(hfa)s((R)-Cl-(S)-Ph-pzox)], and (C)

[Eu(hfa)s(S-Ph-pyox)]. Reproduced from ref. 92 with permission from the Royal Society of Chemistry, copyright [2024

weak signals. The basic diagram is represented in Fig. 6a.'%”

The CPL signal of compounds with large g-values can be
measured by a cost-efficient quarter-waveplate. Kitzmann
et al. have discussed the artifacts in CPL spectroscopy in
detail'®® and we have briefly described below the different types
of CPL spectrometers following their details.

A quarter-wave plate is oriented at +45° with respect to a
linear polarizer (Fig. 6b)."*® This quarter-wave plate causes a 90°
phase retardance in the light that passes through it. It trans-
forms LCP and RCP light into linearly polarized light with a
plane of polarization at +45° and —45° relative to the fast axis of
the optic.'® The modified light goes through the linear polar-
izer, which filters the light. To measure both LCP and RCP, the
quarter-wave plate is rotated by 90°. This allows the spectrometer
to record two different emission spectra sequentially. The gjym

9442 | J Mater. Chem. C, 2025, 13, 9410-9452

].92

value is calculated using the LCP and RCP intensity. A quarter-
wave plate generates orthogonal linear polarizations of LCP and
RCP (Fig. 6b)."°® The linear polarizer filters the polarized light.
The quarter-wave plate should be turned by 90° to measure the
RCP and LCP. This method of measuring CPL has some draw-
backs. For example, it can introduce artifacts if the quarter-wave
plate is rotated manually. This method can also cause a delay
between the two sequential measurements. This delay can cause
changes in the sample or the light source, leading to inaccurate
results. Moreover, this setup works well for strong CPL signals
and can be difficult to measure weaker signals. However, the
broadband quarter-wave plates can detect CPLs in broadband
without scanning the emission wavelength.

A 50/50 beam splitter placed behind the quarter-wave plate
can address the delay in measuring both signals (Fig. 6c).'*®

This journal is © The Royal Society of Chemistry 2025
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Scheme 43 (Above) Chemical structures of the ligands and Ln complexes [Yb(S,S/R,R-LN"2,(OTf)5)], adapted from ref. 103. (Below) Variable
temperature spectra of the two Yb*" complexes in PDMS at 4, 30, 80, 150 and 300 K. (a) Variable temperature-luminescence spectra for D-Yb. (b)
Variable temperature-CPL spectra. Inset shows the enlarged region of hot bands. Reproduced from ref. 103 with permission from the Royal Society of

Chemistry, copyright [2024].103

This setup allows for the simultaneous detection of RCP
and LCP. LCP and RCP components can be separated using
a 50/50 non-polarizing beam-splitter (Fig. 6¢).'°® Two
identical linear polarizers and detectors are kept on the ortho-
gonal detection position. These detectors measure the L- and R
CP simultaneously. However, minor differences in the sensitiv-
ities of the two detectors or the detection pathways and flaws
in the quarter-wave plates can also cause errors in data
processing.

Baguenard et al. recently revealed a more sensitive setup
(Fig. 7a) to detect low CPL signals.'®®'*® This configuration
uses a polarizing beam splitter and directs the two linearly
polarized components onto the same CCD camera or detectors
via fiber optics. The wave plate is adjusted to —45° after
spectra are obtained using the quarter-wave plate at 45°.
Instead of using two separate detectors to measure the light,
the new method sends both types of polarized light to the

This journal is © The Royal Society of Chemistry 2025

same camera. This setup can automatically adjust for issues
like unequal light transmission and differences in wavelength,
making the results more reliable. However, stray light requires
a correction factor in the results, and the issues with
linear polarization components in the emitted light must be
addressed.

Another type of CPL measuring instrument relies on the
photoelastic modulator (PEM) over most quarter-wave plate-
based techniques (Fig. 7b).'°® This instrument is better as it
resolves most of the limitations of other instruments described
above. A PEM is a quarter-wave plate that alternately transforms
LCP and RCP at a certain wavelength into 45° linearly polarized
light. Its fast axis orientation oscillates between 0° and 90° at a
resonance frequency.'®® The PEM works at one particular
tunable wavelength at a time. This requires a PEM instrument
for a full wavelength scan to capture an emission spectrum. It is
also possible to detect small dissymmetry factors with the help

J. Mater. Chem. C, 2025, 13, 9410-9452 | 9443
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Scheme 45 (Left) Chemical structures of the ligands and Ln complexes [Er(S,S)/(R,R)(L)s](OTf)s, adapted from ref. 104. (Right) (Top) Merged CPL spectra
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spectra of R/S-Eu in CHsOH. Reproduced from ref. 94 with permission from the Royal Society of Chemistry, copyright [2024] 94
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Scheme 47 (Left) Chemical structures of the ligands and Ln complexes (1/2), adapted from ref. 105. (Right) CD spectra of 1 (red) and 2 (blue) in CH,Cl,,

reproduced from ref. 105 with permission from the Royal Society of Chemistry, copyright [2022].10°

of this instrument. The PEM acts as a quarter-wave plate linear polarizer and PEM. The square-wave signal of PEM acts
oscillating between +4/4 and —//4 retardance (Fig. 7b)."°® The as a reference signal to separate the modulated CPL signal from
intensity at the detector varies when CPL is passed through the the unmodulated background using lock-in amplification."%®

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 9410-9452 | 9445


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00097a

Open Access Article. Published on 02 April 2025. Downloaded on 1/20/2026 11:01:05 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

Ln=Eu,Yb
[Ln(tta);(6M)] and [Ln(tta)s(6P)]

Eur. J. Inorg. Chem. 2022, ¢202200010 !

(b)
X\ OH 1) 2 NaH
\ 2) 13 Ln(OTf
N, on
OH 13 La(N(SiMes),);
NaN(SiMes)y)s
R-spinol THF

J. Am. Chem.

thf

Ln“.\m\““°\ \
N0

__o\

S

ey, o,
Na
. \0/

Ln=Sm,Eu,Tb,Dy
[(R-Spinol);LnNaj(thf)g] (Ln = Sm,
Eu, Tb, Dy)

Soc. 2022, 144, 22421-22425

Na

[\thf
thf

View Article Online

Review

Scheme 48 Chemical structures of the ligands and Ln complexes reported (a) (Ln(tta)s(6M or 6P)), adapted from ref. 95. (b) ([(R-Spinol)sLnNasz(thf)g]),
adapted from ref. 96 and (c) ((Yb-R-1/Yb-5-1)) and (Yb-R-2/Yb-S-2), adapted from ref. 97.
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Scheme 49 (Left) Chemical structures of the ligands and Ln complexes (M*[Eu((+)-tfac)4]~, where M = Cs, Rb, K, Na).2°¢ (Right) (a) CD, (b) absorption, (c)
CPL and (d) luminescence spectra of Cs*[Eu((+)-tfac)4] (red traces) and Rb*[Eu((+)-tfac)4] (blue traces) in chloroform. Reproduced from ref. 106 with
permission from the Royal Society of Chemistry, copyright [2022].10¢
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(Left) Chemical structures of the ligands and Ln complexes (CsEr(hfbc)s, [TMG-H*1sEr(BINOLate)s, and Er(NTA)ziPr/PhPyBox), adapted from

ref. 98. (Right) (Top) NIR-CD spectra of CsEr(hfbc), (16 mM) with average total absorption traced in the background (in grey). (Bottom) NIR-CPL spectra of
CsEr(hfbc)4 (1 mM) with normalised average total emission traced in the background (in grey). Reproduced from ref. 98 with permission from the Royal

Society of Chemistry, copyright [2023].%®

4. Conclusion and outlook

The display industry and the researchers are highly fascinated by
the practical applications of the CPL in almost every field of life.
The unique properties of CPL emitters have significant implica-
tions for various fields, including biological imaging, optoelec-
tronics, and more. As mentioned in the first section, CPL may be
produced using a linear polarizer and quarter-wave plate combi-
nation, but the brightness of the output light is compromised in
this process. Anti-glare filters that combine a quarter-wave plate
with a linear polarizer are used in most display devices. However,
the aforementioned problem has compelled research to create
unique CPL emitters. Thus, research on CPL-based materials is
still growing and producing metal complexes, supramolecular
assemblies, nano-assemblies, and small organic molecules that
emit CPL. Chiral Ln complexes are the best molecular structures
to illustrate the high luminescence dissymmetry factor. However,
these Ln complexes are poor emissive candidates because they
have forbidden electric-dipole 4f-4f transitions and allowed mag-
netic dipole transitions. Nonetheless, the well-designed antenna
ligands can efficiently transmit energy to the Ln metal ions and
reduce the complex’s symmetry, partially permitting the electric
dipole 4f-4f transition. This mini-review article elaborates the
basic principles and key factors for assessing CPL activity. This
review article discusses small lanthanide complexes with various
antenna ligands and distinct chirality transfer and induction from
chiral ligands to metal complexes. We have organized this article
based on the different binding ligands to the Ln metal ions. The

This journal is © The Royal Society of Chemistry 2025

binding ligands comprise p-diketonate-based ligands, cyclen-
based ligands, pyridine dicarboxylate-based ligands, multiple
oxygen atoms-based ligands, and multiple nitrogen atom-based
ligands. We highlight the role of coordination ligands in control-
ling the antenna effect. For instance, B-diketonates can function
as perfect antennas to increase the luminescence of central Ln**
effectively. In this review, we have summarized the chiral lantha-
nide complexes and their role in CPL. We highlight the significant
milestones that have shaped this vibrant area of research to
understand how chiral Ln complexes have become essential tools
in CPL studies and applications. The highlight the importance of
ligand design, coordination chemistry, and the role of chirality in
enhancing CPL efficiency. Moreover, we aim to motivate future
research by identifying challenges like improving quantum yields,
dissymmetry factor, and stability in the chiral lanthanide com-
plexes. This research interest in chiral lanthanide complexes is
dignified to contribute to emerging technologies, including
advanced optical devices, molecular electronics, and biomedical
applications. The continued exploration of multifunctional
lanthanide complexes and novel chiral ligands will be vital in
pushing the frontiers of these materials.

The detection of CPL is easy using the emission spectro-
meter equipped with a quarter-wave plate placed at +£45° to a
linear polarizer. This custom-built CPL spectrometer must be
manually adjusted by rotating the quarter-wave plate. This
manual adjustment in the quarter-wave plate or the linear
polarizer leads to significant errors in the final results. The
manual rotation of the quarter-wave plate adds a source of error

J. Mater. Chem. C, 2025, 13, 9410-9452 | 9447
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(a) Basic diagram of CPL instrument (redrawn from ref. 107) (b) and (c) different types of instrument setup for CPL detection. Exc. is excitation, LP

is a linear polarizer, BS is a beam splitter, /| is the intensity of LCP, and Iy is the intensity of RCP. The blue curved arrow is LCP and the red curved arrow is
RCP. Explanation for the diagrams is in the main text (redrawn from ref. 108).

and unpredictability. The time delays between LCP and RCP
light measurement can also result in sample decay or CPL
artifacts. Moreover, this arrangement can be challenging for
small dissymmetry factors, while high dissymmetry (gj,m > 0.1)
values can be easily measured. This is why the chiral lanthanide
complexes (high dissymmetry values) often rely on custom-built
equipment. A PEM-based instrument for the measurement of
CPL is superior since it addresses most of the drawbacks of
custom-built instruments. Minor dissymmetry factors may also
be detected with the help of PEM-based equipment. Thus, the
PEM-based CPL instruments have significant major advantages
compared to a custom-built spectrometer in terms of data
accuracy. These PEM-based instruments increase accuracy by
avoiding manual rotation. To maintain consistency across this
field, it is recommended to use PEM-based CPL spectrometers.

Lanthanide compounds with a magnetic-dipole-allowed tran-
sition are preferred to produce highly polarized light. These
materials can be used to generate CP-OLED devices by using

9448 | J. Mater. Chem. C, 2025, 13, 9410-9452

them as emissive layers. Bari’s group demonstrated CP-OLEDs
devices based on lanthanide compounds in 2015, using mono-
nuclear CsEu(hfbc), with the largest g, factor of 1.38.>* It is
possible to formulate security inks using CPL emitters. These
chiral emitters emit CPL light when excited with the light. As
human eyes are not sensitive enough to detect polarized light
orientation, CPL can be a security measure instead of a traditional
fingerprint method."” External visual aids such as bandpass filters
are typically preferred to selectively filter polarized photons with
different orientations to perceive CPL-coded security inks with the
unaided eye. Ionic detection can also be done with the help of CPL
emitters. The dissymmetry values and the CPL strength play a
crucial role here. The fluctuations in the CPL signals of the
original chiral lanthanide complexes can be studied to detect
the ions. The mechanism of ionic detection includes the binding
of the chiral emitter with the ion, which changes its environment.
The change in environment results in luminescent changes
leading to increased or decreased CPL signals.

This journal is © The Royal Society of Chemistry 2025
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The binding ability of the ligands is heavily affected by their
denticity and hard-soft acid-base concept. Designing a
complex with high quantum yield and gy, value is also
necessary. The most feasible energy-transferring route to Ln
ions is through the triplet state of the ligands. Therefore, the
energy gap between the ligands’ triplet state and the Ln’s
excited state energy level plays a crucial role in enhancing the
quantum yield of the complex. It has already been mentioned
that the gap between the ligand’s triplet state and the Ln’s
excited state should be small. Moreover, the triplet state should
be slightly higher than the energy level of the Ln ion. If the
triplet state of the ligand is situated at a lower level than the
Ln’s excited state level, it may act as an energy quencher. To
boost the sensitizing efficacy from outer coordinated ligands to
Ln" luminescent centers, ligands need to possess a high molar
extinction coefficient and a minimal energy gap between the
triplet excited state of the ligands and the excited state of Ln*",

This journal is © The Royal Society of Chemistry 2025

Material stability and high quantum efficiency are important
parameters to consider while designing the ligands for the Ln
ions. The devices with long operational lifetimes must have
high thermally stable Ln complexes. Also, the fabrication
methods of the devices need specific requirements in metal
complexes; for instance, the solution-process fabrication
method needs the metal complex to be soluble in common
organic solvents. Deep NIR region Ln complexes are highly
effective in tissue imaging and telecommunications; therefore,
expanding the emission range of these complexes is the need of
the hour. Developing a composite system of Ln complexes and
inorganic/organic materials can open new application path-
ways. The chiral Ln complexes can be embedded in nano-
particles, MOFs, and polymer matrices to enhance their
performance. Synthesizing stimuli-responsive chiral Ln com-
plexes (pH, light, and temperature sensitive) enables numerous
application options for CPL emitters.
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TADF ligands are well-known for their high efficiency as they
can harness singlet and triplet excitons through reverse inter-
system crossing pathways. The structural design of TADF
structures is such that the gap between the lowest singlet and
triplet energy levels is very small. This small energy gap favors
the reverse inter-system crossing of the triplet excitons to the
singlet state, enabling them to possess high quantum yields.
Kalluvettukuzhy et al. synthesized TADF emitters to sensitize
Eu(m) efficiently."'® The TADF molecules can effectively act as
photosensitizers for Eu(ur). The coordination polymers formed
with TADF ligands exhibit high PLQY ranging from 79% to 85%
and sensitization efficiencies between 90% and 94% in PMMA
films. The TADF ligands have well-aligned energy levels with
the excited states of the Eu(um) ions. This optimal energy
matching significantly enhances the luminescence quantum
yield. The potential of TADF ligands can be extended beyond
Eu(m) coordination polymers. This concept could be applied to
other organo-lanthanide emitters. They investigated different
electronic properties of the developed TADF ligands and found
minimal singlet-triplet energy splitting. This minimum energy
gap allows for efficient energy transfer to the lanthanide ions.
This property is vital for achieving high energy transfer effi-
ciency, making TADF ligands suitable for sensitizing Ln metal
ions. By judicious choice of moieties, we can successfully
develop the NIR emissive TADF ligands, which can bind to
the Ln metal ions. Thus, we can achieve a broadband emission
that is beneficial for advanced lighting and display technolo-
gies by connecting the high-efficiency NIR TADF antennas to
the Ln(m) ions. Combining the NIR TADF ligands with the
Ln(m) ions may achieve the broad NIR region with high
efficiency. Thus, high-efficiency NIR TADF-based ligands can
be complexed with the Ln(m) metal, giving a broad emission
with high efficiency.

The self-assembled structures generally help to achieve
high dissymmetry factors. Ln complexes generally have a
high coordination number which helps them make supramo-
lecular assemblies, including helicates, metallacycles, and
metallacages.'™ The symmetry of ligands and metal ions
mainly influences the self-assembly of Ln complexes. The
symmetry of these moieties is a primary driving force for
forming well-defined structures such as duplex, triple, and
quadruple helicates.""" A balance between rigidity and flexibil-
ity in the molecular framework is vital for the self-assembly of
Ln complexes. The rigid, multi-branched ligands help restrict
conformational movement. The rigidity of the molecular frame-
work favors structural stability, and flexible spacers ensure the
dynamics to facilitate the self-assembly process.'* The inter-
action between ligands and metal centers holds a lock-and-key
arrangement. This arrangement is responsible for specific
structural control. This can also be termed coordination-
driven self-assembly, and it is desirable for the overall stability
of the supramolecular frameworks.

Our mini survey will benefit academics across various
scientific and display engineering fields. We also hope that
our efforts will significantly contribute to the advancement of
display technology in the future.
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