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Circularly polarized luminescence (CPL) refers to the differentiation of the left-handed and right-handed
emissions of chiral systems in the excited state. Serving as an alternative characterization method to
circular dichroism (CD), CPL can detect changes in fluorescence in a chiral system, which could be
more efficient in recognizing chiral species. Although CPL can be generated by attaching luminophores
to a chiral unit through a covalent bond, the non-covalent bonding of fluorescent chromophores with

Received 9th August 2024, chiral species or helical nanostructures can also induce CPL and their changes. Thus, CPL can be used

Accepted 15th October 2024 as an alternative detection technique for sensing chiral species. In this review, we summarize typical
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chiral compounds and encrypted sensing is also discussed. We hope to provide useful and powerful
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1. Introduction

Chiral materials with chiroptical properties can absorb or emit
circularly polarized light without any waveplates. When the
materials prefer to absorb left- or right-handed circularly polarized
light, they show circular dichroism (CD). When the materials
prefer to emit left- or right-handed circularly polarized light, they
show circularly polarized luminescence (CPL)."* Compared with
circular dichroism (CD) utilized to characterize structural infor-
mation in the ground state, CPL can provide excited-state infor-
mation on chiral luminescent systems and thus could serve as an
alternative method to CD. Moreover, CPL offers unique functions
related to chiroptical materials in terms of chirality generation,
transfer and amplification. The magnitude of CPL is generally
quantified using the luminescence dissymmetry factor, gjum = 2(y,
— I)/(I, + Iy), where I;, and Iy are the emission intensities of left-
and right-handed circularly polarized light, respectively. In the
molecular state, gj,n values showed positive correlations with gy
(obtained from a CD spectrum) in small organic molecule sys-
tems, indicating a strong relationship between these two photo-
physical processes. However, owing to the intrinsic differences

“ Zhengzhou University, Zhengzhou 450000, P. R. China. E-mail: liumh@iccas.ac.cn

b School of Materials Science and Engineering, and Key Lab for Special Functional
Materials of Ministry of Education, Henan University, Kaifeng 475004, P. R. China

¢ Key Laboratory of Colloid, Interface and Chemical Thermodynamics, Institute of
Chemistry, Chinese Academy of Sciences, Zhongguancun North First Street 2,
Beijing, 100190, P. R. China. E-mail: zhangli@iccas.ac.cn

This journal is © The Royal Society of Chemistry 2024

insights into the construction of chemical sensors based on CPL.

between excitation and luminescence processes, dissymmetry
factors for these two processes can be significantly varied upon
interaction with other species.®>”®

Currently, CPL-active materials have been extensively investi-
gated in various fields of scientific research, such as 3D optical
displays, photoelectric devices, asymmetric catalysts, advanced
security inks, and sensing.'®® Generally speaking, CPL could be
generated from the involvement of both luminophore and chiral
components.'”’”?! Early research on CPL materials mainly
focused on chiral lanthanide complexes owing to the symmetry-
forbidden nature of f-f transition, which results in the remarkable
enhancement of the luminescence dissymmetry factor (giym)."*""*®
In addition, some studies are based on small emissive molecules or
complexes with chiral auxiliaries, but characteristics for specific
molecules are usually limited because of the defined molecular
structure.”*** Another effective approach is to construct supramo-
lecular assemblies via the self-assembly of chiral or achiral small
molecules, which is proven to effectively enrich the versatility of
CPL.24_27

In recent years, there has been considerable interest in
effectively discriminating molecular chirality in the area of
chemical sensing owing to the significance of chiral organic
molecules and the importance of recognizing their absolute
configuration and chiroptical purity.”*>> Chiral sensing is defined
as distinguishing right-handed and left-handed chirality and/or
determining the optical purity of chiral compounds. To date,
several spectroscopic techniques have been employed to distin-
guish chiral compounds, including non-chiral spectral techniques,
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e.g., high-performance liquid chromatography (HPLC), nuclear
magnetic resonance (NMR), UV-Vis absorption, fluorescence
spectroscopy, and chiroptical techniques, e.g., vibrational circular
dichroism (VCD), CD, and CPL.*** CD spectroscopy is mainly
employed to characterize biological macromolecules, particularly
the tertiary structure of proteins and chiral recognition.’®*” Never-
theless, many important chiral compounds generate none or only
negligible Cotton effects in the UV region due to the lack of a
strong chromophore motif, so they are not suitable for character-
ization by CD spectroscopy. Additionally, the intensity of Cotton
effects is closely connected with the extinction coefficient of a
chromophore, which directly affects the sensitivity of CD detection
limits. In some cases, the absorption of some typical chromo-
phores is lower than 300 nm, and there is an overlap between the
substrate absorbance and the introduced chromophore absor-
bance, which may make it difficult to analyze with the complicated
CD spectra.*®*® The above problems significantly limit the appli-
cation scope of the CD technique.

However, CPL is a relatively new research field to provide
excited-state information on the chiral luminescent system due
to the recent availability of commercial instruments. It is expected
to exhibit a high signal-to-noise ratio, especially in systems with
weak chiral signals or high background noise. The luminescent
nature of CPL allows for the detection of weak chirality-induced
effects with minimal interference from scattering or solvent
contributions, leading to more reliable and accurate chirality
sensing results. To design a chiral probe to detect the absolute
configuration of chiral analytes, some working principles of the
sensing system are expected to be provided. First, the chirality
induction or chirality transfer is necessary between the sensor and
analytes, or the sensor provides a chiral environment that can
induce diastereomeric interactions with the analyte, leading to
different binding affinities for the two enantiomers. Second, the
sensor system must afford selective recognition sites of molecules
that can interact with the analyte, such as hydrogen bonding,
ionic interactions, hydrophobic interactions, metal-ligand coordi-
nation, and n-r stacking. Third, the choice of fluorophores is also
important. The luminescent properties could be modulated by the
presence of the analyte. Finally, the sensor should be designed to
have specificity and sensitivity for the target analyte to minimize
interference from other molecules and detect low concentrations
of the target enantiomers. Generally, the chiral sensors based on
CPL responses consist of modifications of turn on/off, decrease/
increase in intensity, and the inversion of the chiral sign. Most
reported chiral sensors utilizing CPL signals depend on a turn-on/
turn-off signaling mechanism, and other modes are rarely
explored.’”** Here, this review mainly focuses on chiral sensing
based on CPL signals categorized by the components and types of
the sensor array (Scheme 1).

For the past few years, CPL spectroscopy has been exten-
sively exploited in many fields of chirality sensing, such as
lanthanide complexes, conjugated polymers, supramolecular
organic frameworks (SOFs), organic small molecules, and the
specifically encrypted sensing of some chiral compounds. It is
noteworthy that the highly selective recognition of CPL spectro-
scopy toward luminescence from chiral assemblies enables us
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Scheme 1 Schematic of chiroptical sensing based on circularly polarized
luminescence.

to sense target chiral agents or probe molecules, and the
chiroptical signal is generated by interactions with chiral
assemblies. In particular, a novel type of chiral sensing techni-
que is emerging by utilizing chiral agents or probe molecules to
induce CPL signals in microscopic spectroscopy, which can
recognize not only the spatial distribution of chiral substances
but also their chirality.*">° Prompted by the rapid development
of chiroptical sensing based on CPL spectroscopy, nhumerous
studies have been conducted on sensing chiral compounds by
generating distinct CPL signals, including those of amino
acids, nucleotides, proteins, carbohydrates, and other chiral
compounds. In this review, we focus on the recent progress of
research on chirality sensors based on CPL in the past decade.
We mainly summarize the supramolecular chiroptical sensing
in the determination of the absolute configuration in different
assembled systems and the encrypted sensing of chiral com-
pounds by CPL spectroscopy.

2. Determination of the absolute
configuration of chiral compounds

Chirality is a property of broken mirror symmetry, and many
naturally occurring biological molecules have intrinsic chiral-
ity. Chiral molecules are a pair of chiral isomers with opposite
handedness and are known as the pair of enantiomers, which
exhibit different biochemical behaviors to their mirror-image
molecules. For example, proteins are composed of only left-
handed amino acids in living organisms, and genetic material
DNA is constituted by p-ribose. In addition, more than half of
commercial drugs are chiral compounds, and the handedness of
enantiomers is significantly concerned with their pharmacology
effects and physiological toxicity. In general, single enantiomer
drugs are often more effective than their racemic mixtures; more
importantly, while one enantiomer constitutes a powerful med-
icament, the other one may lead to serious side effects; for
example, as R-thalidomide has a sedative effect in pregnant
women while S-thalidomide causes severe phocomelia.**

This journal is © The Royal Society of Chemistry 2024
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Considering this, it is critically important to develop various
techniques capable of recognizing and sensing enantiomers that
are conducive to eliminating unnecessary side effects in drug
development and material sciences. CPL uses the difference in
the emission of left- and right-handed circularly polarized light,
which is determined by the enantiomer. The sensing of chiral
molecules can be achieved by differences in the intensities of the
CPL signals generated.

2.1. Lanthanide complexes

Lanthanide complexes are known as useful luminescence probe
molecules and the earliest to be observed with CPL property
owing to their small electrical transition dipole moments and
large magnetic transition dipole moments, which endows them
with some characteristic properties, such as exceptional and
advantageous luminescence properties, high quantum yields,
long excited-state lifetimes, and large circularly polarized dissym-
metry factors.>>>* In the meantime, lanthanides play an impor-
tant role in the field of organic and bioorganic chemistry,> >’
chemical sensing,”®** medicine®”®" and advanced security inks,®
and particularly over recent years, chiroptical sensing has been
continuously growing. Therefore, lanthanide complexes are out-
standing candidates for chirality sensing based on CPL spectro-
scopy, which are luminescent molecules that generate CPL signals
during interactions with target chiral compounds.>***"** Based on
these characteristics, lanthanide complexes have been employed
for CPL probes, which allows the development of novel chiral
probing techniques in microscopic spectroscopy.®>*°

Iwamura’s group proposed a series of achiral Eu™ complexes, as
shown in Fig. 1, which exhibit detectable CPL signals as a result of
the interaction with chiral amino acids, and can be applied for
chirality sensing. They first reported a complex [Eu(bda),]” (bda =
2,2/-bipyridine-6,6"-dicarboxylic acid) from which induced CPL was
generated in the presence of chiral 2-pyrrolidone-5-carboxylic acid,
while the test concentration was higher (0.1 M) than that of achiral
Eu™ complexes (1.0 x 10~* M).*” This result was attributed to the
distortion by association with the carboxylate anion of chiral amino
acid. To further understand the compatibility of chiral agents and
chemical modification of the Eu™ probe complexes, the CPL from
complex [Eu(pda),]” (pda = 1,10-phenanthroline-2,9-dicarboxylic
acid) and [Eu(bda),]” containing various chiral amino acids were
explored.®® [Eu(pda),]” showed intense CPL in the presence of 1-
histidine or r-arginine (gj,m ~ 0.08), while quite weak CPL was
observed in the system of [Eu(bda),]”, which demonstrated that
[Eu(pda),]” was good chiral CPL sensing for histidine and arginine
in the concentration region of 0.01 M. The authors suggested
that the bis(diimine)europium(ur) complexes with substituents have
rigid ligands that interact with -COO~ and -NH;" groups, which is
promising for highly sensitive CPL probe molecules. Another study
reported two different europium(m) complexes ([Eu(dppda),]” and
[Eu(pzpda),]”) with two types of ligands in the chiral sensing
system (dppda = 4,7-diphenyl-1,10-phenanthroline-2,9-dicarboxylic
acid, pzpda = pyrazino[2,3-f][1,10]phenanthroline-7,10-dicarboxylic
acid), and it worked in particular concentration regions (larger than
2 mM).* It is worth noting that the CPL signal induced by an
amino acid is closely related to the europium (ur) complex ligands.

1
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Fig. 1 (A) Chiral sensing using an achiral europium(in) complex induced by
circularly polarized luminescence by the chiral agent, reproduced with
permission from ACS.®” (B) Ligands of [EuL,]~, chiral sensing of amino acids
(L-arginine), using induced circularly polarized luminescence of
[Eu(pda),]~, reproduced with permission from ACS.%8

For comparison, [Eu(pda),]” detected arginine and histidine, while
[Eu(dppda),]” could achieve selective chiral sensing for chiral
ornithine, and [Eu(pzpda),]” only recognized histidine, confirming
that a chiral-sensing target can be regulated by chemical modifica-
tion. Additionally, the author investigated the CPL signal of
[Eu(pda),]” and [Eu(bda),] in mixed aqueous solutions of r- and
p-arginine (or histidine).” The resulting curves of gi,m, as a function
of the p-L mol-fraction revealed that [Eu(pda),]” was inclined to
form homo-association (Eu-pda-1, or Eu-pda-p,) instead of hetero-
association (Eu-pda-1-p) in the presence of arginine. However,
hetero-associated species (Eu-pda-1-p) are dominant in the system
containing histidine. These results suggest that the association of a
chiral amino acid molecule induces a structural change in
[Eu(pda),]” to promote chiral selective generation to another
molecule (. or p-enantiomer), i.e., homo- or hetero-allosteric asso-
ciation. However, no allosteric-type associations are recognized in
the CPL from [Eu(bda),] .

Parker et al. reported a europium DO2A-based probe, [Eur?],
as shown in Fig. 2A, containing two azaxanthone ligands. It has
been studied extensively for selective binding for both alpha-1-
acid glycoprotein (o;-AGP) and o-antitrypsin (o;-AAT) concern-
ing human serum albumin, showing a large induced circularly
polarised luminescence (CPL).”*””® To further systematically
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analyze the influence of some deviations for drug binding
affinity, another study investigated macrocyclic lanthanide
complexes bearing a biaryl chromophore (Fig. 2B), [Lnv'],
which exhibits a good affinity for the serum protein o;-AGP. A
very strong and opposite induced circularly polarized lumines-
cence signal was observed in the presence of human and bovine
variants of o;-AGP due to the difference in the chiral environ-
ment. Moreover, the [Eut'] and [Tbr'] complexes could be
utilized to monitor the concentration of o;-AGP in serum,
determining the binding constants of drugs.”* Adenosine phos-
phates are of great importance in living organisms. Therefore,
their selective recognition and monitoring are promising meth-
ods for many biological processes. As natural chiral anions,
they can generate a signal detected by chiroptical techniques.
As shown in Fig. 2C, europium(ir) complexes displayed distinct
binding affinities towards Zn** and adenosine phosphates,
which consist of an alkynyl-pyridine chromophore with a
substituted picolylamine moiety. The resulting studies revealed
that strong induced CPL signals of opposite handedness were
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Fig. 2 (A) Reversible binding of the macrocyclic lanthanide complex to
a1-AGP and CPL spectra of [Eu-L1]* in the presence of a;-AGP, reproduced
with permission from RSC.”* (B) Molecular structure of lanthanide com-
plexes and induced CPL spectra of [Eul'] in the presence of human and
bovine a3-AGP, reproduced”®’# with permission from Wiley-VCH and RSC.
(C) Molecular structures of [Eul'™%], optimized model geometries and CPL
spectra for [Eull|*Zn?**ADP and [Eutl]*Zn"*ATP, reproduced with per-
mission from Wiley-VCH.”®
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obtained in the system of complexes [Eur’]*Zn>" and
[Eur*]*Zn** upon adding ATP and ADP, thus allowing the ratio
of ATP to AMP to be monitored at sub-millimolar/millimolar
levels by monitoring the variation of the dissymmetry ratio.”

It is quite difficult to detect and recognize simple mono-
saccharides because of their similar structure. Here, they
provide specific spectral patterns of four common monosacchar-
ides via CPL induced in europium complexes, which contain
ethylenediaminetetraacetic (EDTA) and ethylenetriaminepentaa-
cetic (DEPA) ligands. Meanwhile, the fluorescence decay times
confirmed the specific interaction of the spectral response, and it
was demonstrated that each sugar may form multiple metal
binding modes by combining NMR spectra and molecular
dynamics simulations.”® Additionally, another study was obtained
by comparing the CPL spectra of Sm(um), Eu(ur) and Er(u) ions
induced by sialic acid. A strong CPL signal was found in
the presence of Eu(u) due to the axial conformation of carboxyl
and the binding of Eu(m) with carboxyl oxygen.”” It is universally
acknowledged that the structure of DNA is easily distorted by
sensitizing complexes. Furthermore, few studies of DNA based on
CPL spectroscopy have been reported owing to low signal intensity
and quenching issues after interaction with sensitizers.”® At
present, the results published by Andrushchenko et al.”® provide
the first application for discriminating different DNA structures
without the addition of sensitizing agents based on CPL measured
using a Raman optical activity (ROA) spectrometer. The ROA/CPL
method provides distinct CPL spectra for diverse biomolecules
utilizing hydrated Eu(H,0),>" ions, such as deoxyguanosine
monophosphate (dGMP) and single- and double-stranded DNA,
enabling sensitive sensing of the DNA structure. These results
suggest that the ROA/CPL technique is a promising approach for
measuring the CPL spectra of complex biomolecules when sensi-
tizers are unavailable.

The properties of the CPL-active material are closely relevant
to the luminescent dissymmetry factor and quantum yield.
Thus, it is indispensable to obtain a large luminescent dissym-
metry factor (g,m) and a high quantum yield to develop
desirable CPL materials. To date, the pursuit of large gj,m value
is still very challenging in the CPL research field. Kawai et al.
successfully fabricated D,-symmetrical octanuclear circular
Ln™ helicates, [(R)- or (S)-"Pr-Pybox]s(Ln"™)s(THP)s (Ln = Eu
and Tb, THP = tris-B-diketonate, 'Pr-Pybox = chiral bis(4-iso-
propyl-2-oxazolinyl)pyridine), using a global complexity synth-
esis strategy.?® The structural characterization of octanuclear
circular Ln™ helicates was demonstrated by X-ray crystallo-
graphic analysis. Surprisingly, a significant CPL signal with a
luminescence dissymmetry factor of 1.25 was observed in
circular Eu™ helicases, corresponding to °D, — ’F, transition
at 592 nm. It should be noted that visible identification of the
difference between left and right circularly polarized emissions
of R and S isomers could be achieved due to the remarkable
Zium Of the circular Eu™ helicate in chloroform and PMMA thin
film. The present study further opens up a new direction for
CPL visible recognition and significantly extends the applica-
tion of CPL-active materials to future security printing systems,
3D displays, and chiroptical sensors.

This journal is © The Royal Society of Chemistry 2024
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2.2. Organic small molecules

Organic small molecules have attracted much attention due to their
lower density, lighter weight and attractive chiroptical properties,
which play a crucial role in many potential applications. Over the
past few decades, CPL spectroscopy based on organic small mole-
cules has received considerable attention owing to the structural
properties of their excited states. As shown in Fig. 34, it has been
reported that Schiff base complexes can be formed in situ by mixing
amino acids or amino alcohols with a commercial 1-hydroxy-2-
naphthaldehyde.®" With the addition of AI*', the fluorescence
spectra were significantly enhanced, and obvious CPL signals were
observed. Enantioselectivity sensing could be achieved by compar-
ing the intensity and sign of CD and CPL, which can not only be
applied to sense the absolute configuration of amino acid and
amino alcohol but also accurately quantify enantiomeric excess
values by dissymmetry factors of CD and CPL signals.

Kawai and co-workers proposed novel luminescence probes
using pyrene derivatives with CPL as signal output.®* As illu-
strated in Fig. 3B, chiral molecules (R,R)-Im,Py and (S,S)-Im,Py
are synthesized by linking two chiral imidazole groups at the
1,6-positions of pyrene through ethynyl spacers. Upon tetrahe-
dral coordination with Zn>*, probe molecules spontaneously
self-assemble into the chiral arrangement of P or M, exhibiting
intense CD and CPL signals. It is demonstrated that CPL can be
applied for object identification in sensor systems. By compar-
ing the mapping image of photoluminescence (PL: I, + Iz) and
circularly polarized luminescence (CPL: I, — I), thodamine 6G
with similar luminescence to (S,S)-Im,Py was selected as a non-
target species to detect differences before and after the addition
of probe molecules. It was found that the CPL mapping images
showed significant variations between the two regions, while
the PL mapping images had no remarkable differences,

View Article Online
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enabling us to distinguish different signals from the target
analyte and non-target species via the CPL technique.

The development of chiral functional materials based on histi-
dine derivatives is deeply inspired by the importance of imidazole-
mediated H-bonding interactions in supramolecular assemblies.
Liu et al. designed and synthesized a series of chiral r-histidine
amphiphilic molecules in which the imidazole heading moieties
can form directional hydrogen bonds with amide and carboxylic
acid groups, thus significantly affecting the nano assembly and
chiral properties. On this basis, the author introduced the tetra-
phenylethylene (TPE) group into m-histidine system because of its
aggregation-induced emission properties, reporting such a straight-
forward strategy for enantioselective recognition and chiral match-
ing in a binary system consisting of luminescent chiral tetraphe-
nylethylene-histidine (TPEHis) and fluorenylmethoxycarbonyl-
alanine (FmocAla).®* It was found that TPEHis and FmocAla with
the same chirality (/L or p/p) could cooperatively co-assemble to
form double helical t-aggregates, leading to the significant enhance-
ment of both CPL signal and quantum yield (gjym, = 0.14 and QY =
0.76). However, the co-assembly of TPEHis and FmocAla with
opposite chirality (/o or p/L) exhibited unordered aggregates and
led to CPL silence. In addition, the methyl groups of alanine and the
Fmoc chromophore are indispensable for the formation of the
double helix, revealing the structural complementation of Fmoc-
alanine and TPEHis. Simultaneously, single-crystal X-ray crystal-
lography, computational modeling and spectroscopy data also
confirmed the result. It was revealed that the boosted QY and gjym
value were attributed to the hydrogen bond-assisted m stacking of
TPE/Fmoc, which could further reduce the non-radiative decay rate
of TPE chromophores and promote asymmetric exciton couplings.

Zheng et al. designed and synthesized new tetraphenylethy-
lene (TPE) helicates with substituents at the 2,6-positions of the
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(A) Chiroptical sensing of amino acids and amino alcohol by in situ forming Schiff base complexes in the presence of A

13*, reproduced with

permission from ACS.8! (B) Illustration of object identification using CPL signals generated from coordination self-assembly, reproduced with permission
from Wiley-VCH.®2 (C) Schematic representation of double helical n-aggregation through enantioselective recognition and chiral matching in a binary

system consisting of luminescent chiral L-TPEHis and FmocAla.®®
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Enantioselectivity for chiral recognition of TA and its derivatives by M-1 based
on CPL spectra.

Analyte TA TA anTA tuTA bzTA
M-1/DSA/TA 1:2:2 1:0:4 1:0:4 1:0:2 1:0:2
I/l 13.9 10.6 355 26 204

Fig. 4 Molecular structure of hindered TPE helicates and the change in
Jum. reproduced with permission from Wiley-VCH 8*

phenyl rings.®* Interaction with enantiomers of tartaric acid
(TA) results in significant CPL enhancement by one TA enan-
tiomer, while the other barely affects CPL signals, highlighting
the chiral recognition ability of these helical molecules. Speci-
fically, p-TA elicited strong CPL signals for M-6b, while 1-TA
resulted in almost negligible signals for M-6b. The effect of TA
enantiomers on M-6b was opposite to that of P-6b. The CPL
intensity ratio (Ip-TA/I-TA) for M-6b evoked by the two TA
enantiomers reached 10.6. 6b helictite also exhibited enantios-
electivity toward other TA derivatives, such as di-p-anisoyl-
tartaric acid (anTA), dibenzoyl-tartaric acid (bzTA), and
ditoluoyl-tartaric acid (tuTA). The CPL intensity ratios (I-TA/
I;-TA) for M-6b evoked by the two enantiomers of anTA, tuTA,
and bzTA were 35.5, 26, and 204, respectively (Fig. 4).%°

2.3. Conjugated polymer

Conjugated polymer is an important class of organic material
with a large number of conjugated repeat units that have
excellent optical performance and multifunctional chemical
structure. It has been used extensively for sensing amino acids,
and the ability of chiral recognition can be enhanced by
regulating the structure of conjugated polymers, thus improv-
ing the sensitivity of detection. To date, although polymer-
based chemical sensing has been reported,® there has been no
report on polymer-based CPL sensors. In comparison with
organic small molecules, the enhancement of the chiroptical
signal can be achieved in the achiral-conjugated polymer by the
induction of chiral molecules. Fig. 5A shows an achiral Eu(m)-
containing conjugated polymer, designed and synthesized by
Cheng’s group.'! It was found that no CPL was observed in the
solution of P3 and the model molecule. Upon the addition of
proline, intense CPL was obtained. Interestingly, a higher
optical anisotropy factor could be detected for °D, — F; at
596 nm in the system of P3 (0.41 for -proline versus —0.42 for p-
proline). For the model molecule, a g, value of +0.028 was
obtained in the presence of r-proline versus —0.036 for b-
proline. Additionally, for the °D, — ’F, transition at 615 nm,
the CPL spectra of P3 also provided a low gjun, value of —0.0055
for L-proline while gj,m = +0.0056 for p-proline. Nevertheless,
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Fig. 5 (A) Molecular structure of the Eu(m)-containing polymer P3, the
corresponding model molecule and CPL spectra of the model molecule and
P3 in the presence and absence of L- and p-proline, reproduced with the
permission from RSC.* (B) Chemical structures of sP-PFP-C9*/rP-PFP-C9*
and (a) illustration on enantioselective CPL recognition. (b) CPL spectra of sP-
PFP-C9* with the addition of (R)-/(S)-3-methyl-2-butylamine. (c) CPL
responses of sP-PFP-C9* towards various chiral amines after reaction for
24 h, reproduced with permission from Wiley-VCH.8

the gium value of the model molecule was less than 0.001. The
results indicate that P3 exhibits preferable sensitivity to proline
due to the specific guest-molecule orientation of the conjugated
polymer. This research revealed that the chiral amino acid could
induce the amplification effect of the CPL signal in the con-
jugated polymer and afford a new method to obtain a higher
optical anisotropy factor for CPL-active polymer materials.
Wan’s group reported a novel self-reporting activated ester-
amine reaction that offers multi-channel visual detection of
organic amines.*” The polymers bearing an achiral pentafluor-
ophenol (PFP) activated ester were synthesized. As shown in
Fig. 5B, in the presence of an organic amine, an activated ester-
amine reaction occurred and consequently triggered the cis-
transoid to cis-cisoid helical transition of the polyphenylacety-
lene backbone. This transition evokes fluorescence, providing a
visible readout for the detection of organic amines. Furthermore,
due to the existence of helicity and photoluminescence, CPL was
anticipated as the ultimate product. These products could
potentially serve as enantioselective CPL detectors, facilitating
the determination of the configuration and enantiomeric excess
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(ee) values of chiral amines. In the cases of 2-butylamine and 3-
methyl-2-butylamine, the polymer solution displayed positive
CPL signals for (S)-enantiomers and negative signals for (R)-
enantiomers, indicating that the chirality of the amines dictated
the screw sense of the final products. By leveraging this enantio-
selective CPL recognition, we determined the enantiomeric
excess (ee) value of 3-methyl-2-butylamine. As the content of
the (R)-enantiomer increased, absorption signals around 350 nm
gradually shifted from negative to positive values. Similar con-
clusions were drawn from the chiral excited state spectra.
Notably, the solution exhibited a large negative CPL signal at
high contents of the (R)-enantiomer (0-100 ee%). Upon reducing
the content of the (R)-enantiomer, the CPL signal gradually
shifted towards positive values, reaching a maximum positive
value at an ee of approximately 90%. Thus, the enantiomeric
composition could be accurately determined from the CPL signal
across a wide variation range, showing the potential of this
polymer as an enantioselective CPL detector.

2.4. Supramolecular organic framework

In recent years, chiral framework materials are a class of emergent
chiral materials that have been applied in many fields, including
chiral separation, asymmetric catalysis, and chiral sensing.®*° 1t
has been rapidly developed due to their unique structural character-
istics, such as their highly regular structure, permanent porosity,
and asymmetric interspace. Some typical chiral framework materials
include chiral zeolitic imidazolate frameworks (ZIFs), metal organic
frameworks (MOFs), covalent organic frameworks (COFs), and
supramolecular organic frameworks (SOFs). Hereinto, SOFs are
constructed via non-covalent interactions. Cao et al report and
synthesize an achiral cucurbit[8]uril-based SOF (SOF-1) with
adaptive chirality, which is formed from cucurbit[8Juril and
tetra(6-coumarinylmethyl-pyridinium)tetraphenylethylene derivative
via host-guest complexation.”” In the meantime, mirror-image CD
(gabs & £10~ ") and CPL (gium ~ +10*) signals were induced in the
presence of phenylalanine through efficient through-space chirality
transfer, M-SOF-1 induced by 1-Phe and P-SOF-1 induced by p-Phe
(Fig. 6). More interestingly, a small amount of ATP or ADP (0.4
equiv.) could also successfully induce the generation of chiral signals
via electrostatic interactions. Moreover, based on the characteristic
CD spectra of SOFDpeptides, Phe-Ala and Phe-Phe could be
distinguished from di- and tripeptides, and distinct CD signals were
obtained at 323-470 nm. Furthermore, the adaptive chirality of SOF-
1 can be applied to distinguish their sequences for Phe-Ala (gups =
—4.1 x 10~°) and Ala-Phe (ND) and some polypeptides/protein (e.g,
somatostatin and human insulin) with characteristic CD spectra.

3. Encrypted sensing on biomolecules

Sometimes, specific recognition cannot be achieved by exploit-
ing conventional techniques, such as fluorescence and CD.
Therefore, it is urgent to develop a new technology for
encrypted sensing to achieve selectively recognize chiral ana-
lytes. Recently, considerable interest has focused on stimuli-
responsive chiroptical functional materials with CPL. In
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Fig. 6 Adaptive chirality of the achiral cucurbit[8]uril-based supramole-
cular organic framework (SOF-1) induced by L-/p-phenylalanine,
reproduced®® with permission from Wiley-VCH.®”

particular, a switchable supramolecular system is endowed
with CPL, which can facilitate the construction of multiple
information channels to optimize variable performance and
enable the encryption of target analytes. Here, Fig. 7A illus-
trates an example displaying reversible switches of FL and CPL
between different molecular configurations.®® A chiral histidine
amphiphile functionalized by styrene-thiazole (abbreviated as
STH) could coordinate with alkaline earth metal ions. Interest-
ingly, a disassembly process occurred owing to the trans—cis
isomerization of styrene upon UV irradiation, showing silent FL
and CPL signals. The cis to trans configuration transformation
of STH was achieved by heating treatment, producing a high-
efficiency ON-OFF FL and CPL switch through alternate UV/
heating procedures. Impressively, considerable enhancement
in the fluorescence was found upon binding of all the three
types of adenosines (ATP, ADP, and AMP) with no significant
difference. Nevertheless, the addition of ATP (or ADP) leads to
the quenching of the CPL signal in the system of STH/Mg>*
while strong CPL activity remains only in the presence of AMP,
which possesses the efficiently encrypted selective recognition
ability of AMP based on CPL. The detection concentration of
AMP is around 5 mM.

In recent years, there have been many reports about
terpyridine-containing derivatives and their metal complexes
due to their outstanding photophysical and electrochemical
performance.'* % In particular, terpyridine-based Zn** com-
plexes are gaining extensive attention and enormous interest in
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supramolecular and material chemistry because of synthesis
accessibility, rich photophysical properties and excellent coor-
dination affinity."®*"'%> ATP, as an important chiral biomole-
cule, can interact with various small molecules to form chiral
assemblies in the field of supramolecular chemistry. Inspired
by this progress and the high binding affinity of ATP to metal
ions, Liu et al. investigated an ATP-driven supramolecular self-
assembly system, synthesized a series of achiral terpyridine—
Zn(un) complexes (Ftpy, Ttpy, Ptpy), and studied their co-
assembly with ATP and analogues nucleotides.® In the system
of terpyridine-Zn(i1) complexes containing furan group, a simi-
lar emission band and intensity were obtained, but only in the
presence of ATP, a significantly strong CPL could be observed,
and its dissymmetry factor (gi,m) is as high as 0.20, suggesting
that the specific recognition and selective interaction of ATP are
further achieved by CPL spectra. It is worth noting that
although the gjum value of Ttpy/ATP is lower than that of
Ftpy/ATP for the terpyridine-Zn(n) complexes containing the
thiophene group, ATP can also be selectively recognized by the
generation of a CPL signal. In the system of pyrrole-substituted
Zn(u)-terpyridine, no CPL signal was detected. The density
functional theory results confirmed that the high CPL signal
depended on the planar conformation of Ftpy in the presence
of ATP. Considering that the gy, value of the Ftpy/ATP system
is much larger than that of the Ftpy/AMP system, ATPases were
added, and the CPL spectra of Ftpy/ATP co-assembly were
measured in situ. It was found that the CPL signal decreased
gradually over time due to enzymatic hydrolysis. Finally, the
CPL signal is similar to the Ftpy/AMP, which is speculated to be
the conversion of ATP to AMP by enzymatic hydrolysis. This
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research opens up a new direction for ATP-encrypted recogni-
tion based on CPL and provides the possibility of designing
functional materials that simulate natural biological materials.

4. Conclusions

In conclusion, CPL-active materials have aroused significant
attention because of their potential applications in chiral optical
sensors, liquid crystal lasers, chiroptical switches, optical storage
devices, and 3D optical displays. Herein, we highlighted the
recent progress of CPL-active materials in the field of chiral
sensing. By virtue of various building blocks, CPL-active materi-
als with different optical properties can be fabricated, which can
selectively sense and recognize various chiral analytes, including
chiral amino acids, proteins, nucleotides, carbohydrates and
other compounds. Recent advances have been reported concern-
ing chirality sensing based on CPL to classify two categories:
determination of the absolute configuration (or enantiomeric
excess) of chiral compounds and encrypted sensing. Although
the first can detect and analyze the different emissions of left-
and right-handed circularly polarized light, which is determined
by the handedness of the enantiomer, the latter allows for the
encrypted sensing of chiral analytes based on CPL instead of
other spectral techniques. We anticipate that the present work
will stimulate the development of CPL-active materials and
provide a useful and profound understanding of supramolecular
chiroptical sensing based on CPL.

Nonetheless, there are still many challenges that remain and
further efforts need to be greatly devoted to the field of CPL-
active materials. A large luminescent dissymmetry factor (gjum)
and a high quantum yield, which are key and difficult points to
explore and overcome in the future, provide extensive space for
its visible recognition and sensing.
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