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The research in circularly polarized luminescence has attracted wide interest in recent years. Efforts on one side are directed
toward the development of chiral materials with both high luminescence efficiency and dissymmetry factors, and on the other
side, are focused on the exploitations of these materials in optoelectronic applications. This review summarizes the recent
frontiers (mostly within five years) in the research in circularly polarized luminescence, including the development of chiral
emissive materials based on organic small molecules, compounds with aggregation-induced emissions, supramolecular as-
semblies, liquid crystals and liquids, polymers, metal-ligand coordination complexes and assemblies, metal clusters, inorganic
nanomaterials, and photon upconversion systems. In addition, recent applications of related materials in organic light-emitting
devices, circularly polarized light detectors, and organic lasers and displays are also discussed.
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1 Introduction

Polarization is one of the inherent and important properties
of light, which is very important in display, remote sensing,
target identification, information storage fields and so on [1–
4]. Unlike the intensity and wavelength of light, polarization
has the ability to distinguish the information of light from
three dimensions [5]. In particular, circularly polarized (CP)
light can be regarded as the superposition of two linearly
polarized lights (LPLs) with the same frequency and vertical
polarization direction. Due to the rich optical information
and angle independence character, CP light is widely applied
for various technologies and devices, including quantum
computing and information encryption [6], asymmetric
synthesis [7], three-dimensional (3D) displays [8], and light-
emitting devices [9].
CP light is traditionally produced from LPL by passing a

quarter wave plate. Alternatively, CP light can be directly
generated from chiral luminescent materials in the form of
circularly polarized luminescence (CPL), which circumvents
the energy loss caused during the plate transition process in
the traditional method. In order to obtain CPL-active mate-
rials, an efficient coupling between the chiral components
and luminescent components is generally necessary (Figure
1a). Such coupling can be realized through either covalent or
non-covalent bonding. Taking organic luminescent materials
with CPL as an example, three common strategies can be
applied (Figure 1b) [10]. Firstly, a single-component chiral
chromophore could display intrinsic CPL in solution or
amplified CPL signal after aggregation. Secondly, the co-
assembly of a chiral molecule with an achiral molecule into
aggregates could produce CPL by chirality transfer. In this
method, either component could be the emissive chromo-
phore or the chirality inducer. Thirdly, symmetry breaking of
a single-component achiral chromophore could lead to the
separation of aggregates enriched in one type of chirality and
thus the emergence of CPL. These strategies can be extended
to inorganic and nanomaterials.
For the experimental characterizations of chiral emissive

materials, electronic circular dichroism (CD) and CPL
spectral measurements are often performed. CD spectro-
scopy measures the absorption difference of the material
toward the left-handed CPL (L-CPL) and right-handed CPL
(R-CPL). The magnitude of CD can be quantified by the
absorption dissymmetry factor gabs (or gCD), which is de-
termined by Eq. (1):

g = 1 / 2( + ) = 2( )
+ (1)abs

L R

L R

L R
L R

where εL and εR are the molar absorption coefficients of L-
CPL and R-CPL, respectively. Experimentally, the gabs value
can be determined by Eq. (2):

g = ellipticity
32980 × absorbance (2)abs

where the “ellipticity (in mdeg)” and “absorbance” values
can be directly obtained from CD spectral measurement.
Compared with CD spectra, CPL spectra are associated

with the excited state properties of chiral systems. The CPL
property can be evaluated by the luminescence dissymmetry
factor glum (gPL and gEL are also used to differentiate the glum
value of photoluminescence and electroluminescence),
which is defined by Eq. (3):
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where IL and IR represent the luminescence intensity of L-
CPL and R-CPL, respectively. Theoretically, glum is predicted
to be related to Eq. (4):

g m µ
m µ

= 4cos
+

(4)lum 2 2

where m and μ denote the magnetic and electric transition
dipole moments, respectively, and θ is the angle between
them. In the case of that m is much less than μ (which is true
for most molecular systems), Eq. (4) can be simplified as
Eq. (5):

g m
µ4cos (5)lum

In this sense, the glum value is proportional to |m| but in-
versely proportional to |μ|. A smaller |μ| value is thus ex-
pected to be beneficial for higher glum. On the other hand, in
order to obtain highly-emissive materials with a high emis-
sion quantum yield Φ, it is generally required to have a high
|μ|. This dilemma leads to the difficulty in achieving mate-
rials with both high glum and Φ (ΦF and ΦP are specified in
some cases to differentiate the fluorescence and phosphor-
escence quantum yield, respectively).
According to Eqs. (1) and (3), the values of gabs and glum are

both in the range from −2 to +2. The absolute values |gabs| and
|glum| reflect the magnitude of the Cotton effect and lumi-
nescence polarization, respectively. CPL-active materials
(|glum| ≠ 0) usually display distinct Cotton effects (|gabs| ≠ 0).
However, the observation of Cotton effects does not ne-
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cessarily point to CPL activity, because they are related to the
ground- and excited-state property of the material, respec-
tively.
Since the first report of CPL-active molecular material,

chiral hydrindanon, in 1967 [11], much advance has been
made in this field to date. In particular, the research in CPL
has received intense attention in the past ten years and has
now become the frontier of a wide range of scientific fields,
including molecular materials, nanoscience and technology,
photochemistry, and optoelectronic devices. The research in
CPL has been summarized by a number of recent reviews
focusing on nanoassemblies and aggregated systems [10,12–
15], organic small molecules [16–18], photon upconversion
systems [19], or optoelectronic devices [9,20]. We discuss
herein the recent frontiers (mostly within five years) of CPL
research from a broad range of perspective, including the
development of chiral emissive materials based on organic
small molecules, compounds with aggregation-induced
emissions (AIEs), supramolecular assemblies, liquid crystals
(LCs) and liquids, polymers, metal-ligand coordination
complexes and assemblies, metal clusters, inorganic nano-
materials, and photon upconversion systems. In addition, the

recent applications of related materials in light-emitting de-
vices, CP light detections, and organic lasers and displays are
discussed.

2 CPL-active materials

2.1 CPL-active chiral organic small molecules

In the past several years, there have been more and more
reports on CPL-active materials by using versatile chiral
organic small molecules. In particular, those derivatives with
the axially chiral binaphthyls, helicenes, and planar chiral
cyclophanes were extensively investigated [21–24]. Com-
pared with chiral polymers, chiral organic small molecules
have many advantages, such as easy structural modification,
high fluorescence efficiency, fine-tuning of emission wave-
length, precise structure-performance relationship, and easy
manufacturing process [25].
1,1′-Bi(2-naphthol) (BINOL) is a representative axially

chiral compound, whose chirality originates from the re-
stricted rotation between two naphthalene rings. Optically
active 1,1′-binaphthyl derivatives have been regarded as one
of the most important chiral units for the design of ideal CPL
emitters because the binaphthyl skeletal structure at 2,2′-,
3,3′-, 5,5′- or 6,6′-positions can be selectively functionalized
at the well-defined molecular level to afford stable chiral
configuration and high chiral induction [26]. In this context,
Ema’s group [27–30] designed a series of CPL-active in-
tramolecular excimers of the chiral quarter naphthyl fluor-
ophores (R,R,R)-1a–1f (1a: glum = +0.037, 1c: ΦF = 0.67) via
ester linkers (Figure 2a and Table 1) [27]. Interestingly, al-
though these compounds have the same axial chirality, (R,R,
R)-1a, 1c, 1d, and 1f displayed (+)-CPL whereas (R,R,R)-1b
and 1e exhibited (−)-CPL, as a result of the clockwise and
counterclockwise orientations of intramolecular proximal
aromatic pairs. In 2019, their group [28] also observed that
peri-xanthenoxanthenes (PXX)-based dyes (R)-3 and (R,R)-
5 containing bridged chiral binaphthyl moiety emitted strong
CPL signals (Figure 2b), demonstrating axially chiral PXX
could further promote the chiral amplification effect of the
rigid binaphthyl structure. In contrast, the related compounds
(R)-2 and (R,R)-4 without the methylenedioxy bridges, were
essentially CPL-inactive. The bridged structures 3 and 5
were considered to adjust the angle between the vectors of m
and μ to produce intense CPL activity. In 2019, Zhao’s group
[31] investigated the temperature-dependent dual fluor-
escences of 6 and 7 based on the chosen amino groups by
using 2,2′-diamino-6,6′-diboryl-1,1′-binaphthyls en-
antiomers (Figure 2c). At higher temperatures (20–80 °C),
compound 6 possesses the emission maximum at
478–485 nm. When the temperature is decreased to −20 °C,
the emission maximum shifts to 565 nm. While the CPL
activity of 6 has not been examined, the enantiomers of 7

Figure 1 (a) Schematic presentation of the coupling of chiral components
and luminescent components to generate CPL. (b) Three common strategies
to produce luminescent materials with CPLs (color online).
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were demonstrated to display solvent-switchable CPL. A
change of solvent from nonpolar cyclohexane (c-Hex) to
highly polar CH3CN not only shifts the CPL position of (+)-7
to much longer wavelength with intramolecular charge
transfer (ICT) characteristic, but also inverts the (−)-CPL to
(+)-CPL (Table 1).
It is worth noting that much attention has been paid to the

novel CPL materials from helicene-based derivatives due to
their twisted extended π-conjugated molecular structures and
strong helical chirality properties [32–39]. Since 2016,
Chen’s group [32–38] developed versatile CPL-active
emitters based on optically stable enantiomeric hydro[5]he-
licene and [5]helicene derivatives. Compared with the rela-
tively flexible compound 8a, the rigid helicene 8b could
exhibit stronger CPL (Figure 3a) [37]. Furthermore, inver-
sions of CPL signs were observed by oxidation of the hydro
[5]helicene 9a–9f to [5]helicene derivatives 10a–10f or
modulation of the ICT from triphenylamine groups of 10g
(Figure 3b) [38]. Interestingly, compound (P)-10g displayed
bisignate CPL spectra with (−)-CPL in the shorter wave-
length region (430–470 nm) and (+)-CPL in the longer wa-

velength region (510–560 nm), respectively, in CH2Cl2. In
addition, the CPL signals of (P)-10g were strongly depen-
dent on the solvent polarity, resembling those of the pre-
viously discussed ICT compound 7 (Figure 2c). Recently,
Narita’s group [39] also observed the chiroptical property
difference between the π-extended [9]helicene 12 and the
parent pristine [7]helicene 11 (Figure 3c). The enantiomers
(P/M)-12 had 10-fold enhancement in |glum| (7.44 × 10−3) and
higher ΦF (0.41) than (P/M)-11 (|glum| = 0.77 × 10−3, ΦF =
0.25), indicating that the π-extended helicenes could possess
high potential for spin transport and superior inductance.
In recent years, planar chirality-based small molecules

have been designed and used to construct CPL materials
through various fluorophore incorporation [21,40,41]. Mor-
isaki’s group [40] found that the V-shaped chiral [2.2]para-
cyclophanes (PCP) molecule (Rp)-13 emitted intense
opposite CPL signals (λem = 401 nm, glum = +1.3 × 10

−3
, Φ =

81%) compared with the X-shaped PCP (Rp)-14 (λem =
425 nm, glum = −1.7 × 10

−3, ΦF = 75%) (Figure 4a). The sign
inversion of CPLs was believed to be caused by their dif-
ferent stacking modes and the orientation of the dipole mo-
ments between m and μ. Meanwhile, they also reported good
CPL property of the X-shaped PCP molecule (Sp)-15 (λem =
400 nm, glum = +1.7 × 10−3) at 25 °C in CHCl3 solution

Figure 2 (a) Chemical structures of chiral quarter naphthyl fluorophores
(R,R,R)-1a–1f [27]. (b) Chemical structures of chiral dyes 2–5 based on
peri-xanthenoxanthenes (PXX) structural unit [28]. (c) Chemical structures
of chiral dyes 6 and 7 [31] (color online).

Table 1 CPL parameters of organic compounds a)

Compound λem (nm) Φ glum Ref.

(R,R,R)-1a 540 0.24 +0.037 [27]

(R,R,R)-1b 430 0.35 −2.8 × 10−3 [27]

(R,R,R)-1c 490 0.67 +0.014 [27]

(R,R,R)-1d 525 0.24 +3.3 × 10−3 [27]

(R,R,R)-1e 570 0.38 −0.013 [27]

(R,R,R)-1f 450 0.03 +1.0 × 10−3 [27]

(R)-2 481 0.89 ND [28]

(R)-3 497 0.56 +1.3 × 10−3 [28]

(R,R)-4 458 0.57 ND [28]

(R,R)-5 490 0.67 +1.0 × 10−3 [28]

(+)-7(c-Hex) 455 0.75 −1.17 × 10−3 [31]

(+)-7(CH3CN) 524 0.26 +1.19 × 10−3 [31]

(P)-8a 424 0.33 −2.5 × 10−4 [37]

(P)-8b 455 0.19 −4.5 × 10−3 [37]

(P)-9a–9f 390–440 NR +(0.7–1.0) × 10−3 [38]

(P)-10a–10f 430–470 NR −(3.7–6.8) × 10−3 [38]

(P)-10g 450/530 NR −0.004/+0.005 [38]

(P)-11 486 0.25 +0.77 × 10−3 [39]

(P)-12 532 0.41 +7.44 × 10−3 [39]

(Rp)-13 401 0.81 +1.3 × 10−3 [40]

(Rp)-14 425 0.75 −1.7 × 10−3 [40]

(Sp)-15 400 NR +1.7 × 10−3 [41]

a) ND = not determined due to low CPL activity; NR = not reported.

2063Gong et al. Sci China Chem December (2021) Vol.64 No.12



(Figure 4b) [41]. Interestingly, an additional CPL peak with
an opposite sign was observed in the short-wavelength re-
gion (λem =360 nm, glum = −4.3 × 10

−3) at −120 °C, as a result
of the suppression of the rotary motion of the anisolyl units in
the excited states and thus the emergence of emissions from

two isomers [41].

2.2 CPL from AIE-active aggregates

Chiral organic molecules exhibiting CPL property, with both
a large glum value and a high luminescence efficiency, are
highly desired due to their potential applications in the wide
range of 3D optical displays, encryptions, biological probes,
chiral photoelectric devices, and CPL switches. From the
viewpoint of practical application, it is imperative to develop
solid-state CPL materials while maintaining a high lumi-
nescence efficiency [42–44]. Unfortunately, π-conjugated
luminophores always face a general situation of aggregation-
caused quenching (ACQ) of luminescence effect in their
aggregate or assembly state (Figure 5a), which dramatically
deteriorates the CPL performance [45,46]. Recently, the AIE
concept (Figure 5b), in which organic fluorophores emit
brighter in aggregates caused by the restriction of in-
tramolecular motion, including intramolecular rotation and
vibration, has emerged as a potently valuable methodology
to fabricate solid-state luminescent materials [47–49]. Thus,
integrating chiral luminescent aggregate with a high glum
value into the AIE system can be a promising protocol for
designing AIE-CPL systems with both large glum and Φ va-
lues (Figure 5c). Generally speaking, three strategies could
be adopted for the generation of AIE-CPL, (1) the chiral and
AIE moiety is covalently attached to realize AIE-CPL by
helical aggregation; (2) chirality transfer from chiral mole-

Figure 3 (a) The enantiomers with different flexible (8a) or rigid (8b)
helical skeleton [37]. (b) Sign inversions of CPL by chemically fine-tuning
operations on the structures of helical compounds 9a–9f and 10a–10g [38].
(c) Molecular structures of helicene derivatives 11 and 12 [39] (color on-
line).

Figure 4 (a) Structures of V-shaped (13) and X-shaped (14) planar chiral
molecules [40]. (b) X-shaped planar chiral molecule 15 and the CPL and
emission spectra (Sp)- and (Rp)-15 in methylcyclohexane (10

−5 M) at 25 and
−120 °C [41] (color online).

Figure 5 Typical examples of ACQ and AIE systems: fluorescence
photographs of (a) fluorescein and (b) hexaphenylsilole (HPS) in the
mixtures of (a) water and acetone with different fractions of acetone (fa) and
(b) THF and water with different fractions of water (fw). (c) Generation of
CPL with high glum from AIE-active aggregate with high luminescence
efficiency (AIE-CPL). Panels (a) and (b) are adapted from Ref. [42] (color
online).
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cules to achiral AIEgens (the luminogens with AIE proper-
ties) during the co-assembly process; (3) formation of helical
aggregates with excess in the right- or left-handedness (P or
M) due to symmetry breaking of achiral AIEgens with latent
chirality in the aggregation process. These strategies are in
accordance with the common strategies to produce CPL-
active luminescent materials (Figure 1).
The selected AIE systems with CPL property are shown in

Figure 6 and corresponding CPL parameters are summarized
in Table 2. These AIE-CPL systems contain typical AIE
moieties, e.g., hexaphenylsilole (HPS), tetraphenylethene
(TPE), and cyano-substituted stilbene (CNSB). Molecules
16–19 were synthesized by incorporating a tetraphenylsilole
backbone with a chiral mannose unit [50], L-leucine pen-
dants [51], L-valine [52], and phenylethanamine, respec-
tively [53]. All of these silole derivatives exhibited obvious
AIE characteristics as well as good CPL property when ag-
gregating into chiral superstructures. Molecules 20–23 are
chiral TPE derivatives bearing an L-leucine methyl ester
moiety [54], cholesterol periphery [55], BINOL-based
boronic ester [56], and BINOL-based dihexyl diether [57],
respectively. These TPE-derivated AIE-CPL systems with
various point, axial and planar chirality have the advantages
of facile synthesis, high emission efficiency. Molecule 24 is a
CNSB derivative conjugated with a universal gelator moiety
N,N′-bis(dodecyl)-L(D)-glutamic diamide. During the cool-
ing process from the hot solution, the chiral molecule can
self-assemble into nanohelix structures with strong AIE and
CPL properties [58]. Molecule 25 was used to realize mul-
ticolor tunable CPL in a single AIE molecule by attaching
pyridine-modified cyanostilbene to a chiral unit. By virtue of
the gelation caused chirality transfer and application, both
the gel and xerogel film exhibited AIE and CPL with a large
glum value (Table 2) [59].

Some achiral AIEgens can exhibit latent chirality. For
example, the four phenyl rings of TPE could rotate either in
the clockwise or the anticlockwise direction. Thus, no chir-
ality was observed in the solution state due to the rapid and
reversible conformational change. However, chirality could
be achieved upon aggregation to break the mirror symmetry.
Typically, in the TPE-based teracycle molecule 26, the
phenyl rings of TPE were locked through a covalent bond
connection [60]. Due to the rotation fixation, a dynamically
stable single helical propeller-like structure can be resolved
from their racemic forms. These resolved (M)-26 and (P)-26
enantiomers exhibited AIE effect and a mirror and large CPL
dissymmetric factor when they formed aggregates in H2O/
tetrahydrofuran (THF) mixed solvents.
For achiral AIEgens, chirality transfer can be realized by

co-assembling with chiral molecules through non-covalent
bonding interactions to achieve AIE-CPL property. This
strategy was used to prepare several AIE-CPL systems with
potential applications in biosensing and photoelectronics. As
shown in Figure 7a, a chiral tetraphenylpyrazine (TPP)-
based cage compound (TPP-Cage) can encapsulate achiral
diketopyrrolopyrrole (DPP), forming the DPP@TPP-Cage
complexes, which achieves white-light emission with CPL
property as a combination of the yellow emission from the
host (TTP-Cage) and the blue emission from the guest (DPP)
[61]. The DPP@TPP-Cage complex introduces a promising
strategy for developing chiral materials through host-guest
interaction-induced chirality transfer and provides a pro-
spective pathway for white-light emission based on supra-
molecular assembly. Tang’s group [62] also developed a
novel strategy for constructing white-light emission and
tunable CPL by interacting achiral AIEgens with host
polymers. As shown in Figure 7b, when slowly evaporating
the mixed solution of helical polymer (PLLA) and achiral

Figure 6 Examples of AIE systems with CPL originated from helical aggregation (16–25) and symmetry breaking (26) (color online).
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AIEgen, the polymer chains transformed into crystalline la-
mellae and meanwhile blue-emissive crystalline and yellow-
emissive amorphous nano-aggregates were formed. Subse-
quently, white CPL with a glum of −2 × 10−3 was produced.
Chiral materials with multiple switchable emission states

and high glum have attracted increasing attention due to their
broad applications in diverse fields such as intelligent de-
vices and sensors. Recently, a switchable CPL system 27was
presented by assembling a chiral rotaxane with achiral
AIEgen 9,10-distyrylanthracene unit based on the controlled
motions of the chiral pillar arene macrocycles along the axle
by the addition or removal of the acetate anions (Figure 7c)
[63]. As a result, two CPL emission states of the chiral
[3]rotaxane 27with glum values of ±1.36 × 10

−2 and ±2.14 × 10−3

can be realized by adding or removing acetate anions. In
addition to these applications, AIEgens have also been used

to prepare CPL-active polymers [4,64,65], metal-organic
frameworks (MOFs) [66], and thermally-activated delayed
fluorescence (TADF) [67] materials, which will be further
discussed in the following sections (Sections 2.5, 2.6, and
3.2).

2.3 CPL-active supramolecular assemblies

Developing excellent CPL-active materials with both high
glum and Φ is of great significance [68,69]. With the rapid
development of supramolecular chemistry in the past several
decades, chiral supramolecular self-assemblies and co-as-
semblies have been assigned to be one of the most suitable
and promising CPL-active materials [70–73]. These chiral
self-assemblies and co-assemblies with designable micro-
structures could provide a powerful approach to precisely
regulate the arrangement of building blocks and promote the
amplified CPL signals during assembly process via non-
covalent interactions (π-π stacking, hydrogen bonds, hydro-
phobic interactions, van der Waals interactions, and host-
guest interactions) [10,14,43,74–79]. Several advantages of
the supramolecular assemblies are provided. First, through
the self-assembly, the luminophores and the chiral units can
be combined together without tedious syntheses. Second,
even for those of the molecules containing the luminophores
and chiral units, it is not necessary to display CPL activity if
the chiral centre is far from the luminophores or the chiral
molecules are flexible. However, self-assembly can bring
these molecules together to form diverse supramolecular
aggregates or nanoarchitectures, in which the confinement of
the molecules facilitates efficient chirality transfer and con-
sequently makes the assemblies CPL-active. More im-
portantly, the molecular rotation can be restricted and orderly
arranged in supramolecular self-assembly, and thus the glum
can be significantly boosted. Third, through the self-assem-

Table 2 CPL parameters of AIE-active aggregates a)

Compound λem (nm) Φ glum Ref.

(D)-16 b) 490 0.30 −0.12 [50]

(L)-17 c) 416 NR −0.016 [51]

(L,+)-18 d) 487 0.80 −0.05 [52]

(R,R)-19 e) 505 0.95 −0.01 [53]

(L)-20 d) 456 NR +0.05 [54]

(−)-21 f) 400 NR −0.37 [55]

(R)-22 b) 630 0.58 −2.0 ×10−3 [56]

(R)-23 b) 476 0.28 NR [57]

(L)-24 g) 425 NR −0.011 [58]

(−)-25 g) 485 0.61 −0.03 [59]

(M)-26 b) 495 0.85 +6.2 ×10−3 [60]

a) NR = not reported; b) suspension in mixed solvents; c) as a fabricated
micropattern; d) solid film; e) solid complexed with (R)-mandelic acid; f)
as a dopant (3 wt%) in liquid crystalline 4-cyano-4′-n-pentylbiphenyl
(5CB); g) measured in gelation state.

Figure 7 White light emissions from (a) host-guest supramolecular assembly [61] and (b) semi-crystalline polymer doped with AIEgen [62]. (c) Switchable
CPL system based on AIE-active chiral [3]rotaxane with chirality transfer property [63] (color online).
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bly, the system of single-component achiral molecules can
generate CPL via symmetry breaking to form chiral supra-
molecular nanostructures. In addition, by the convenient
regulation of the components, nanostructures, supramole-
cular and nanoscale chirality of the supramolecular systems,
the tuning of CPL colour and sign can be handily realized in
supramolecular assemblies. Following shows some ex-
amples to demonstrate how supramolecular self-assembly
can regulate the CPL performance of small molecules.

2.3.1 Emergence of CPL from achiral luminophores
assembled with chiral matrices
An important step in fabricating CPL active materials is the
control of the coupling between the achiral luminophores
and the chiral units. Such coupling can be easily realized
through the self-assembly if the chiral unit is appropriately
designed. For example, a general approach has been devel-
oped to evolve achiral luminophores into CPL active mate-
rials (Figure 8) [80]. A C3-symmetric molecule 28was found
to form nanotube through an instant gelation method at room

temperature [81]. The molecular chirality of the gelator
controlled the handedness of the resulting nanotube. When
achiral AIEgen molecules (TPE to BuCNS in Figure 8a)
were doped into the helical nanotube, CPL can be generated.
The emission colour follows that of the AIEgen, while the
sign of the CPL signals follows the handedness of the na-
notube. Similarly, Ihara et al. [82] reported the generation of
CPL from a series of achiral dye molecules upon doping
them into the chiral nanofibers self-assembled from en-
antiomeric L- or D-glutamides. Thus, either helical nanotube
or fibre can serve as good matrix to induce the supramole-
cular chirality of achiral dyes and generate CPL activities.
With such method, not only the emission colour but also the
polarization direction of CPL can be controlled by the ele-
gant combination of achiral dyes and chiral matrix. This
approach is not only useful for one kind of dye but also for
the mixed dyes, thus providing the possibility to produce
white CPL materials by doping red/green/blue (RGB) dyes.
For example, mixtures of achiral dyes (D1–D4 in Figure 8b)
have been doped into a nanohelix of 29 to afford white CPL
materials [83]. Moreover, such method is also effective when
achiral quantum dots (QDs) were doped into the chiral ma-
trix. Various QDs have been doped into the chiral nanotube
to obtain CPL based on QDs [84,85]. Recently, Lu et al. [86]
have doped carbon dots into the chiral gel matrix and also
obtained the coloured and white CPL hybrid materials.

2.3.2 Amplification of CPL through supramolecular self-
assembly of chiral molecules
In order to increase the dissymmetry factors glum of the CPL
materials, both the design of molecules and their assembly
manner is vitally important. Liu and co-workers [87] have
designed a series of symmetric and asymmetric chiral V-
shaped pyrene derivatives by linking achiral pyrenes to
chiral trans-1,2-cyclohexanediamine scaffolds with varied
spacers and investigated the CPL in their assembles in
comparison with the molecular states (Figure 9). The com-
pounds were designed for three purposes. First, pyrene is one
of the most important units showing excimer emission. Since
CPL is connected with the chirality at the excited state,
pyrene can be one of the best candidates. Second, the spacers
between the chiral trans-1,2-cyclohexanediamine and the
pyrene were changed to see the efficiency of their chirality
transfer since the chiral unit lies at the diamine, while the
pyrene is away from the chiral centre. The design of the
spacers can help understand the chirality transfer in the as-
semblies. Third, V-shape molecules were designed to un-
derstand the packing effect on the producing of CPL. In true
molecular solution, the symmetric V-shaped molecules (30
and 31) displayed spacer-dependent CD and CPL activities
originating from the intramolecular excimers. Their glum is
strongly dependent on the spacer length. In addition, for the
asymmetric V-shaped molecule 32, which has only one

Figure 8 Emergence of CPL from achiral luminophores assembled with
chiral (a) nanotube or (b) helix matrices [82,83] (color online).
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pyrene group, neither CD nor CPL signals could be detected.
Upon self-assembly, the V-shaped molecules favoured a
helical hexagonal packing and formed various kinds of chiral
nanostructures. The compound without any spacer (30)
formed superhelix, which exhibited the largest gabs (3.59 ×
10−2) for pyrene derivatives to date. The assemblies from the
rigid molecule 30 also showed the strongest glum (2.64 ×
10−2) in comparison with those from the molecules with a
spacer. The asymmetric molecules formed two distinct
hexagonal aggregates as twists and rectangular nanotubes
due to the different packing modes. They all showed sig-
nificantly enhanced glum. Through the self-assembly not only
the inner rotation of the molecules will be limited, which will
reduce the non-radiative transition, but also the inter-
molecular interaction can be enhanced. All these factors will
contribute to the improvement of glum.
Besides the self-assembly of chiral molecules, the assis-

tance of the achiral unit also plays an important role in de-
veloping the CPL materials with good performance. In 2018,
Liu and co-workers [88] used the naphthalene-based back-
bone structure substituted with L-histidine moiety to form
CPL-active organogel materials, and the CPL signals were
efficiently enlarged via non-covalent interactions upon the
addition of non-fluorescent achiral benzoic acids. Xing’s
group [89–93] prepared a series of novel CPL-active mate-
rials by evolving the molecular chirality to the supramole-
cular level or the macroscopic level through supramolecular
self-assembly process. In 2021, they observed the universal
existence of supramolecular tilt helical superstructures in
self-assembled π-conjugated amino acid derivatives and

unveiled the manipulation mechanism of CPL emission
wavelengths and handedness based on charge-transfer
complexation [93]. Recently, Duan’s group [94] investigated
CPL-active materials of the supramolecular self-assembled
system (glum = −1.1 × 10−2, ΦF = 0.80) driven by arene-
perfluoroarene interactions between chiral polycyclic aro-
matic hydrocarbons and octafluoronaphthalene. This kind of
the highly ordered self-assembly can suppress the excimer
formation and luminescence quenching, leading to chirality
amplification not only in the excited state but also in the
ground state. These studies provide excellent examples of the
utility of noncovalent interactions on improving the supra-
molecular chiroptical properties.

2.3.3 CPL generated from symmetry breaking of supra-
molecular assemblies
Although most of the CPL materials are performed by chiral
molecules, through self-assembly, it is also possible to obtain
the CPL active supramolecular assemblies exclusively from
achiral molecules. Liu’s group [95] reported the first CPL
active supramolecular gels from a simple achiral C3-sym-
metric molecule. It was found that achiral tris(ethyl cinna-
mate) benzene-1,3,5-tricarboxamides can self-assemble into
twist in a DMF/H2O mixture (5/2, v:v). An intense CD and
CPL could be observed although no chiral species was ad-
ded. In particular, for the CPL performance, the glum can be as
high as the order of 10−2. Moreover, the glum can be enhanced
simply by mechanical stirring. The generation of the CPL in
such system is due to the symmetry breaking in the self-
assembled gelation system. Later, several other systems
showing the similar phenomenon are observed. Of course, in
these systems, the polarization direction of the CPL cannot
be determined, which is produced by chance. Even with the
controlled stirring, no CPL with determined signs could be
obtained.
Recently, Liu’s group [96] developed a vortex mixing-

accompanied self-assembly strategy and obtained near-unity
homochiral entities with controlled handedness from achiral
molecules. It was found that if vortex mixing is applied
during the self-assembly, near-unity homochiral assemblies
with uncontrolled handedness were obtained. Upon mea-
suring the CD spectra, the sign of this batch of assemblies
could be known. Then a small amount of the assemblies was
added as chiral seeds into the racemic gels, the racemic gels
turned into near-unity homochiral suspensions with con-
trolled handedness via a ripening process. With such method,
CPL with controlled sign can not only be produced but also
amplified in co-assembled systems (glum > 0.1) as ex-
emplified by the achiral C3-symmetric molecule 33 (Figure
10a) [97].
A very interesting example of the CPL materials based on

the biased symmetry breaking of self-assembly from achiral
molecules was reported by Yang, Zhang and Luo et al.

Figure 9 The amplification of CPL of chiral molecules through supra-
molecular self-assembly. (a) The symmetric molecules with different mo-
lecular rigidity showed assembly enhanced CPL performance. (b) The
dissymmetric molecule displayed the assembly pathway-dependent CPL
properties [87] (color online).
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(Figure 10b) [98]. They developed an achiral platinum (II)
complex 34, which could form LCs and self-organize into an
enantiomerically enriched single domain without selection of
handedness in twist grain boundary (TGB) phase. The chir-
ality control can be achieved by using homochiral liquid
crystal films with determined handedness as a template.
Remarkably, the compound self-assembly into chiral twist in
the liquid crystal phase and exhibit prominent CPL with
higher glum.

2.3.4 Sign inversion of CPL in supramolecular assemblies
The sign of CPL is an important issue in the CPL active
materials. In most cases, the sign is determined by the mo-
lecular chirality of the component molecules. However, in
some cases, it can be tuned by external stimuli in supramo-
lecular system. For example, Liu and co-workers [99] have
developed a cinnamic acid conjugated glutamide 35, which
can self-assembly into nanofiber structures in MeOH, THF,
and DMF (Figure 11a). The L-enantiomer self-assembled
into left-handed nanohelix, while D-enantiomer formed
right-handed nanohelix in DMF and THF. In methanol, the
left-handed superhelices could be switched into nanokebabs
with opposite helicity upon UV irradiation. The chiral na-
nostructures could serve as a template to generate the CPL

upon doping luminescent dye molecules. It was found that
the CPL of dye/nanohelix assemblies followed the helicity of

Figure 10 The symmetry breaking of achiral molecules displayed CPL activities in different supramolecular assemblies. (a) Symmetry breaking of 33 in
organic gels [97]. (b) Symmetry breaking of 34 in liquid crystals. (i) Structures of 34a and 34b; (ii) stereochiral conformations of 34b; (iii) schematic diagram
of chiral self-organization by symmetry breaking of 34; (iv, v) scanning electron microscopy (SEM) images of 34b with P- or M-superhelix handedness [98]
(color online).

Figure 11 Sign inversion of CPL in supramolecular assemblies.
(a) Photoinduced the chirality of supramolecular nanostructures enabled the
induced CPL sign inversion of the achiral luminophore [99]. (b) Stoi-
chiometry-controlled CPL sign inversion of the supramolecular co-gel of
achiral AIEgen and chiral gelator [100] (color online).
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the chiral nanostructure rather than the inherent molecular
chirality. Thus, through simple solvent regulation and UV-
irradiation, CPL with opposite sign can be obtained, while
the molecular chirality was not changed.
Yin and Liu et al. [100] have also showed an opposite CPL

using the combination of chiral gelator and achiral lumino-
phore (Figure 11b). It was found that in a two-component
supramolecular gel composed of a chiral amphiphilic D-
glutamic acid gelator (36) and an achiral AIEgen (pyridine-
functionalized tetraphenylethylene, PTPE), the produced co-
gel could show opposite CD and CPL depending on the
mixing ratios of 36 to PTPE. At PTPE/36 = 1:16, a negative
Cotton effect and R-CPL signal are obtained, while it
changed into the opposite one when PTPE/36 = 1:100. It was
suggested that a delicate balance between the different types
of hydrogen bonding interactions and different molecular
packing modes was responsible for the sign inversion of the
supramolecular chirality and CPL.

2.4 CPL-active liquid crystals and liquids

Liquid crystals (LCs), as the specific intermediate phase state
between solid crystal and isotropic fluid, have been assigned
to be one of the most important soft materials and widely
applied for both optoelectronic and biological areas. In the
above section, symmetry breaking properties of liquid crystal
34 have been discussed (Figure 10b). In the past several
years, there have been more and more reports on chiral
emissive liquid crystals (N*-LCs) as CPL-active materials.
These materials can self-assemble as highly regular helical
arrangement in LC medium after annealing treatment as a
result of the LC-templated molecular reorientation, which is
beneficial for the enlarged effect of the induced CPL signals
[101–107]. In 2020, Cheng’s group [101] realized the re-
cyclable CPL response behavior in N*-LCs doped with the
axially chiral molecules (R/S)-37 (Figure 12a). The obvious
texture change from the planar texture into focal conic tex-
ture, and then the uniformly-lying helical texture (ULH state)
could be observed by using the applied direct current electric
field with electric phase transition effect. This work could
provide a novel strategy for developing the CPL devices on
N*-LCs through the applied DC electric field. In 2021,
Cheng’s group [102] also achieved the standard white-light-
emitting N*-LCs by the co-assembly of the color-matched
blue and red emissive chiral naphthalimide dyes at the ap-
propriate ratio. In 2020, Akagi’s group [103] fabricated a
photoinvertible N*-LCs by adding the photoconductive
chiral compounds (R/S-38) as a chiral dopant into liquid
crystal 5CB (Figure 12b). The resulting N*-LCs could not
only exhibit the reversible chirality photoinversion by virtue
of photoisomerization between the open and closed forms of
38 (38(o) and 38(c)), but also high fatigue resistance upon
UV and visible light irradiation. Interestingly, this kind of

N*-LC could serve as an asymmetric media for electro-
chemical polymerization and control the dynamic helicity of
the conjugated polymers. In addition to these advances, LCs
have also been used to fabricate other CPL-active aggregate
materials, which will be further discussed in Sections 2.5,
2.8, and 2.9.
Compared with CPL-active LCs, liquid materials with

CPL have rarely been reported. Recently, Liu et al. [71]
studied the influence of the position of the alkyl chain sub-
stituents on the CPL behavior of chiral naphthalene deriva-
tives Nap1–Nap4 as solvent-free chiral organic π-liquids
(Figure 13). Among them, Nap4 is an emissive solid; while
Nap1–Nap3 are organic liquids, in which 2,3-subsituted

Figure 12 (a) The CPL device on N*-LCs doped with 37 through the
applied DC electric field [101]. (b) Photoinvertible N*-LCs with different
CPL signals induced by the photoisomerization of chiral 38 [103] (color
online).
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Nap2 shows distinct CPL activity. When achiral anthracene
or pyrene was dissolved in chiral Nap2 liquid, this kind of π-
liquids could act as chiral inducer and energy transfer media.
The glum value could be enlarged up to 5.2 × 10

−2 which was
nearly two orders of magnitude higher than that of the pure
Nap2 π-liquids.

2.5 CPL-active polymers

Polymer-based CPL-active materials have attracted ever-
increasing interest, partially due to the merits of high stablity
and good processability of polymers. According to the dif-
ferent combination modes of chirality and fluorescence,
CPL-active polymeric materials are generally prepared by
two strategies: (1) covalent bonding method, in which chiral
component and fluorescent component can be chemically
bonded at different locations in polymer chains (polymer
backbones and/or pendants); and (2) physical blending

method, in which chirality transfer can be realized through
non-covalent interactions of chiral and fluorescent compo-
nents or by taking chiral polymers as CPL filters without any
non-covalent interactions.

2.5.1 Constructing CPL-active polymers via covalently
bonding
Covalently bonding chiral component and fluorescent com-
ponent in polymer main-chains is an effective strategy for
constructing CPL-active polymeric materials, in which chiral
and fluorescent components generally possess two or more
reaction sites [108,109]. For example, Cheng and co-workers
[110,111] reported a series of CPL-active chiral fluorescent
conjugated polymers with BINOL units in the main chain.
Besides, since the concept of AIE was first proposed by
Tang’s team [112] in 2001, introducing AIE-active groups
into chiral polymers for constructing CPL polymers with
high solid-state luminescence efficiency has aroused wide
interest. The as-obtained polymers often show no or weak
fluorescence emission in solution, but can exhibit strong
fluorescence and CPL after forming aggregates [113–116].
Cheng, Zhu and co-workers [117] used Sonogashira cou-
pling reaction to synthesize chiral conjugated polymer 39
with binaphthyl and TPE units in the main-chain, and the
resulting polymer exhibits remarkable CPL after aggregating
into helical nanofibers (Figure 14a).
Copolymerization of chiral and fluorescent monomers can

lead to CPL-active polymers with chiral component and
fluorescent component both bonded in pendant chains. Deng
and co-workers [118] prepared a series of fluorescent chiral
helical monosubstituted polyacetylenes 40 by copolymeriz-
ing an achiral fluorescent acetylenic monomer and a chiral
monomer (Figure 14b). The presence of helical chirality in

Figure 13 Chemical structures and fluorescent images of Nap1–Nap4
under UV light (365 nm) [71] (color online).

Figure 14 (a) Structure of chiral conjugated polymer 39 with binaphthyl and TPE units in the main-chain and its aggregate structure [117]. (b) Schematic
illustration for preparing CPL-active fluorescent chiral helical monosubstituted polyacetylenes [118]. (c) Synthesis routine of P3HT-b-PPI copolymers [126].
(d) Schematic illustration for preparing cellulose-based CPL material [127] (color online).
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polymer backbones facilitates the polymers to show intense
CPL with the highest glum of +0.136 and ‒0.264. Following
the same idea, Zhao and Deng et al. [64] further achieved
CPLs in chiral helical substituted polyacetylenes bearing
TPE pendants. More recently, the same group [119] reported
pyrene-functionalized chiral helical polyacetylenes, in which
handedness inversion and amplification of CPL were si-
multaneously realized in helical polymer systems. The stu-
dies demonstrate that helical polymers offer one of the
competent candidates for constructing CPL materials with
high glum value.
CPL polymers can also be constructed via introducing

chiral factors into the side chains of fluorescent conjugated
polymers, such as polysilane [120], polyquinoxaline [121],
polyfluorene [122], polyisocyanide [123], polytriazole [65],
polythiophene [124], and polycarbazole [125]. For example,
Wu and co-workers [126] synthesized amphiphilic poly(3-
hexylthiophene)-block-poly(phenyl isocyanide)s (P3HT-b-
PPI) copolymers 41, which further self-assembled into sin-
gle-handed helical nanofibers (Figure 14c). By adjusting the
proportion of the main-chain components and the solvent
ratio, the authors realized white-light CPL with |glum| of
3.7×10−3.
Besides synthetic polymers, natural bio-molecules such as

cellulose are good candidates for constructing CPL materials
because of the advantages of low cost, abundant sources and
in particular multilevel chirality. By introducing pyrene
group onto microcrystalline cellulose, Ikai et al. [127] pre-
pared CPL-active cellulose derivatives 42 with maximum
glum of 3.0 × 10−3 (Figure 14d). In other studies, taking D-
glucose as chiral pendants, Ikai et al. [128–130] have pre-
pared a series of CPL-active π-conjugated polymers.
Nowadays, biobased CPL materials are mostly realized by
physical blends through non-covalent interactions or circular
polarization reflection, as to be introduced in more detail
below.

2.5.2 Constructing CPL-active polymers via physically
blending
Chirality transfer through covalent bonds usually needs te-
dious synthesis routes which are disadvantageous for in-
dustrialization and practical applications. To address this
issue, physically mixing chiral component and fluorescent
component for constructing CPL-active polymers provides
an effective alternative. Using chiral polymers as a template
for co-assembly with fluorescent components via non-
covalent interactions has proved to be powerful and pro-
mising towards CPL emission [131–133]. For instance, Lu
and co-workers [134] fabricated solid CPL materials through
co-assembly of achiral fluorescent molecules and chiral
block copolymer (Figure 15a). The glum values of the fabri-
cated materials were as high as 2.3 × 10−2. In this case,
biopolymers also can be used as chiral templates [135].

Based on intermolecular interactions, Fujiki et al. [136]
achieved chirality induction and CPL from racemic poly-
fluorene using cellulose derivatives as template. Some stu-
dies have further demonstrated that CPL-active hybrids can
be fabricated when luminescent metal ions are coordinated
with chiral polymers [137–140].
CPL-active polymers have been constructed through in-

termolecular interactions of chiral small molecules and ra-
cemic fluorescent polymers [141–145]. Maeda et al. [146]
prepared optically active and CPL-active poly(diphenylace-
tylene) by helix-sense-selective synthesis using chiral
amines as inducers (Figure 15b). Nowadays, chiral induction
for preparing CPL materials is mainly limited to post-in-
duction method from racemic conjugated fluorescent poly-
mers. In theory, CPL can be realized directly through helix-
sense-selective polymerization (HSSP) of achiral fluorescent
monomers; if so, the studies along the direction will certainly
promote further development of CPL materials.
Inspired by the circularly polarized reflection in nature and

living organisms involving the formation of self-organizing
chiral nematic photonic structures [147–149], CPL-active
polymers were prepared by taking chiral LCs and crystalline
polymers as CPL filters [150–155]. In these systems, inter-
and intra-molecular interactions between chiral and fluor-
escent substances are no longer indispensable, and the ob-
tained materials generally possess high glum values. Akagi
et al. [156] realized dynamic switching CPLs with the
highest glum values of −1.79 and +1.77 by combining a CPL-
emitting disubstituted liquid-crystalline polyacetylene and
thermotropic chiral nematic liquid crystal. Recently, Cheng,
Zhu, Tang and co-workers [157] reported full-color CPLs by
incorporating various AIEgens into a polylactide based
crystalline chiral polymer film. The handedness and mag-
nitude of CPL could be tuned by simple film tilting, de-
monstrating a maximum |glum| of 10

−2.
Natural bio-architectures such as cellulose nanocrystals

can self-assemble into chiral LCs for preparing CPL mate-
rials. Zhang and Xu et al. [158] synthesized left-handed
chiral photonic cellulose films through evaporation-induced
self-assembly process. By incorporating achiral lumino-
phores into the photonic cellulose films and precisely reg-
ulating the photonic bandgaps, multicolor CPL materials
with high glum values were fabricated (Figure 15c). Owing to
the merits of low-cost, easy preparation, low toxicity, and
good product performance, cellulose crystal films have be-
come a versatile platform for exploring multifarious CPLs
through combination with a variety of luminophores [159–
162].
Synthetic non-crystalline polymers may serve as chiral

filters for CPL generation. Deng and co-workers [163] have
proposed a “Matching Rule” for constructing CPL materials,
in which CPL can be generated in the overlapping area of CD
spectra and PL spectra even without any interaction between
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chiral component and fluorescent component. Following this
idea, “on-off” and switchable CPL devices have been easily
realized by taking chiral helical polyacetylenes as CPL filter
with high glum up to 10

−1 (Figure 15d). Moreover, Zhao et al.
[164–166] and Ma et al. [167] have further demonstrated the
“Matching Rule” is potentially applicable to numerous chiral
matters and achiral fluorophores, clearly confirming the wide
universality and superiority of the strategy.
Although striking advancements have been and are being

achieved continuously, the development of polymer-based
CPL materials is still at the infant state. More efforts are still
required to construct high-performance CPL-active chiral
polymers with large glum values and high luminescence ef-
ficiency, for which chiral helical polymers seem to be good
candidates due to “chiral amplification” effect. Besides, the
essential mechanism of CPL generation is still open to dis-
cussion. In particular, only sporadic examples concerning the
application of polymer-based CPL materials have been re-
ported so far [168–170]; and so how to promote their prac-
tical applications is of significant importance and needs more
efforts.

2.6 CPL-active metal-ligand coordination materials

The exploitation of CPL-active metal-ligand coordination
materials, including discrete small-molecular metal com-
plexes, metal-organic coordination polymers (MOPs), and
MOFs, has received increasing attention in view of their
diverse coordination modes, rich metal-involving excited

states, high Φ and glum values, as well as potential applica-
tions in optoelectronic devices and cell imaging
[9,12,20,171].

2.6.1 CPL-active small molecular metal complexes
The majority of CPL-active coordination materials reported
to date are discrete small metal complexes benefited from
their explicit molecular structures and tunable luminescence
[9,171]. In the early stage, researches in this area mainly
focused on chiral lanthanide (Ln) complexes due to their
generally high |glum| originating from the magnetic dipole-
allowed and electronic dipole-forbidden Ln-centered f-f
transitions. Up to now, the highest |glum| value of 1.38 has
been achieved by complex Cs[Eu(+)-(hfbc)4] (hfbc = 3-
heptafluoro-butylryl-(+)-camphorato) [172]. Unfortunately,
these Ln complexes usually have low Φ due to their low
molar absorptivity of Ln-centered f-f transitions. In order to
enhance the emission efficiency, a classical strategy is in-
troducing organic chromophores as light-harvesting anten-
nas into these complexes. Nevertheless, how to effectively
obtain Ln complexes with strong CPL still remains a ques-
tion [171,173].
Recently, Di Bari [174,175], Yan [176,177], Law

[178,179], and Sun [180] have made impressive progress in
the exploration of CPL-active Ln complexes (Figure 16 and
Table 3). Using diketonate as an efficient antenna, Di Bari
and co-workers [174] prepared in 2019 a pair of the CPL-
active Yb diketonate complex (R,R/S,S)-43 with a chiral
pyridine bisoxazoline as the chiral inducer, which displayed

Figure 15 (a) Scheme of co-assembly of achiral fluorescent molecules using chiral block copolymer as a template [134]. (b) Schematic illustration for
helix-sense-selective synthesis of CPL-active poly(diphenylacetylene)s [146]. (c) Illustration of the intrinsic CPL ability of chiral photonic cellulose films
[158]. (d) Schematic illustration for preparing “on-off” and switchable CPL by taking chiral helical polyacetylenes as CPL filters [163] (color online).
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near-infrared (NIR) CPL with Φ of 0.62%–0.69% and |glum|
of 0.025–0.029 at 972 nm associated with the Yb(III)
2F5/2→

2F7/2 transition in CH2Cl2. Yan and co-workers re-
ported a pair of homochiral Eu diketonate complexes (R/S)-
44 consisting of an achiral tris[4-(4,4,4-trifluoro-1,3-dioxo-
butyl)-benzamidoethylamine] (TTEA) and a chiral ancillary
ligand of 2,2′-bis-(diphenylphosphoryl)-1,1′-binaphthyl
(BINAPO). These triple-helical podates exhibited intense
CPL with a total Φ of 32% and |glum| of 0.072 at 593 nm
originating from the Eu(III) 5D0→

7F1 transitions in CHCl3
[176]. Subsequently, when the TTEA ligand of 44 was re-
placed by another C3-symmeric achiral ligand 4,4′,4″-tris-
(4,4,4-trifluoro-1,3-dioxobutyl)-triphenylamine, the en-
antiopure tetrahedral Eu cage 45 was fabricated by the same
group [177]. This chiral cage displayed stronger CPL with
|glum| of 0.20 at 592 nm and a high Φ of 81% in CHCl3,
representing one of the best results reported for CPL-active
chiral Ln complexes.

In comparison with Ln complexes, other transition metal
complexes are typically characterized by a high Φ, more
stable molecular structures and tunable luminescence.
Therefore, various CPL-active transition metal complexes
have been designed in the past few years, mainly including
octahedral Ir(III) and square planar Pt(II) complexes
[9,12,20,171]. For instance, Crassous and co-workers [181–
183] reported in 2017 a series of CPL-active stereoisomeric
organometallic helicenes, including a pair of enantiomeric
[5]helicene Ir complexes P-(Λ/∆)-46 with glum of +0.0015–
+0.0037 at 530 nm and ΦP of 9%–13% in CH2Cl2. The CPL
sign was found to be dominated by the helical carbene li-
gand. Xiang and co-workers [184,185] have synthesized a
series of enantiopure mono-/binuclear Pt(II) complexes with
an axially chiral binaphthyl linker, e.g., (R/S)-47, and these
complexes showed unusual aggregated-induced NIR CPL at
650–680 nm with moderate |glum| of 0.003–0.01 yet low ΦP

(≤5%). Clever and co-workers [186] have prepared two en-

Figure 16 CPL-active discrete chiral metal complexes (color online).

Table 3 CPL parameters of coordination materials a)

Material λem (nm) Φ glum Ref.

(S,S)-43 972 0.69 +0.029 [174]

(R)-44 593/611 0.32 +0.072/−5.0 × 10−3 [176]

(Λ,Λ,Λ,Λ)-45 592/612 0.81 −0.204/+8.0 × 10−3 [177]

(P,ΛIr)-46 530 0.13 +3.7 × 10−3 [182]

(P,ΔIr)-46 530 0.13 +1.5 × 10−3 [182]

(R)-47b) 655 0.05 +3.0 × 10−3 [184]

(trans,R)-48 519 0.07 −1 × 10−3 [186]

(Rp,Rp)-49 656 0.1 +1 × 10−3 [187]

(M,M)-50 640 0.40 +2 × 10−3 [188]

(M,M)-51 660 0.23 +0.022 [189]

(M,M)-52 775 0.031 −0.093 [192]

(M,M)-53 728/749 0.052 +0.1/−0.2 [193]

a) Measured in diluted solution unless other noted; b) measured in solid film state.
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antiomeric Pt(II) complexes (trans,R/trans,S)-48 with a
chiral metal center through the coordination of two achiral
bidentate ligands and the Pt ion, showing CPL withΦP of 7%
and |glum| of about 10−3 in CH2Cl2. In addition, another
weakly CPL-active di-Pt(II) helicate 49 (Φ < 1% , |glum| =
10−3) containing two planar chiral [2.2]paracyclophane li-
gands has been reported [187]. More recently, Lu and co-
workers [188] prepared a pair of chiral tetranuclear Pd(II)
arylacetylide helicates (P,P/M,M)-50. These enantiomers
showed intense CPL at 647 nm with Φ of up to 50% and
|glum| of 10

−3 originating from the triplet metal–metal-to-ligand
charge-transfer (3MMLCT) excited states in CH2Cl2, re-
presenting the first CPL-active molecular Pd(II) complexes.
Apart from the aforementioned chiral Ir(III), Pt(II) and

Pd(II) complexes, a few of CPL-active Zn(II) complexes
have been reported [189–191]. One representative sample is
molecular helicates (P,P/M,M)-51 reported by Hasobe and
co-workers [189] in 2018, which display intense NIR CPL at
700–850 nm with Φ of 23% and |glum| of 0.022 in toluene.
Theoretical calculations revealed that this large |glum| bene-
fited from the formation of exciplex between two dipyrro-
methene ligands. Additionally, enantiomeric octahedral
Cr(III) complexes comprising two six-membered tridentate
ligands represent another new emerging CPL-active mate-
rials. These enantiomers usually display relative high
|glum| (≥ 0.05) because their CPLs originating from char-
acteristic metal-centered spin-flip 2E/2T1→

4A2 transitions of
the Cr(III) ion [192–194]. For example, Seitz and co-workers
[192] have resolved in 2019 two enantiomers (P,P/M,M)-52
from corresponding racemic Cr(III) complex through chiral
high performance liquid chromatography (HPLC). Spectral
experiments revealed that enantiomers (P,P/M,M)-52 dis-
played acceptable NIR CPL with Φ of 3.1% in oxygen-
saturated water (30% in deoxygenated CD3CN) and |glum| of
0.093 at 775 nm in D2O. Piguet and co-workers prepared
another two enantiomeric Cr(III) complexes (P,P/M,M)-53,
showing excellent NIR CPLs with total Φ of 5.2% and |glum|
of 0.2 at 749 nm (2E→4A2 transition) [193]. Subsequently, a
series of similar enantiomeric Cr(III) complexes decorated
with different substituents were fabricated by the same
group, with the best CPL with aΦ up to 17% and |glum| of 0.2
in H2O being achieved [194]. Thus, the high |glum| values of
chiral Cr(III) complexes are comparable to those of Ln
complexes ever reported. Furthermore, other CPL-active
metal complexes, e.g., chiral Cu(I) complex (Φ = 1.8%, |glum|
= 0.0012) [195] and Al(III) complex (Φ = 54%, |glum| = 10

−3)
[196] have also been reported.

2.6.2 Molecular assemblies of transition metal complexes
As has been discussed in the previous sections of organic
chromophores (Sections 2.2 and 2.3), supramolecular as-
sembly was an effective method to enhance the CPLs of
chromophores. This also applies to chiral metal complexes,

in particular square planar Pt(II) complexes with the ten-
dency to form ordered aggregates due to rich Pt/Pt and π/π
intermolecular interactions (Figure 17) [12,197,198]. For
instance, Haino and co-workers [199] reported in 2018 the
gel materials in decanol of the chiral Pt(II) complex (S)-54,
which showed strong aggregation-enhanced emission (AEE)
CPL with the maximum glum of +0.011 (Figure 17a). Based
on the single enantiomer of the chiral Pt(II) complex (R)-55,
single-component assemblies with an opposite helical chir-
ality were demonstrated by Zhong and co-workers [200] to
exhibit yellow (Φ = 33%–36%, |glum| = 0.022 at 555 nm) and
red (Φ = 25%–27%, |glum| = 0.027 at 660 nm) AEE CPL,
respectively (Figure 17b). Luo and co-workers [201] re-
ported in 2020 the CPL-active liquid crystalline materials
based on the chiral Pt(II) complexes (R,S)-56 via straight-
forward self-assembly. In the high-temperature SmCh

* phase,
enhanced CPL (Φ = 46%) with a high |glum| value of 0.04 was
detected, induced by effective chirality transfer from the
molecule to the liquid crystal assemblies (Figure 17c).
Furthermore, CPL-active two-component co-assemblies

were prepared by doping achiral aggregates with a chiral
emitter or by doping helical assemblies with an achiral
emitter. For example, in 2019 You and co-workers [202]
reported the CPL-active co-assemblies consisting of the
achiral Pt(II) complex 57 and a small fraction of the chiral
Pt(II) complexes (R,S)-58, which displayed enhanced |glum|
of 0.05–0.064 (Figure 17d). Tang and co-workers [203] con-
structed helical structures via the hierarchical self-assembly
of the chiral di-Au(I) complexes (R,S)-59, which served as
the chiral templates to co-assemble with other achiral dyes,
e.g., 9,10-bis(phenylethynyl)anthracene (BPEA) and TPE, to
realize CPL-active coassemblies with |glum| of 0.001–0.005
(Figure 17e).

2.6.3 CPL-active coordination polymers and frameworks
Besides discrete small-molecular complexes and assemblies,
an increasing number of CPL-active MOPs have been fab-
ricated recently (Figure 18) [140,204–206]. In 2018, Hase-
gawa and co-workers [140] prepared the spiral-type chiral
Eu(III) MOPs (+/−)-60, which displayed stronger CPLs with
Φ of 57% and |glum| of 0.17 at 586 nm in comparison with those
of the mononuclear chiral Eu(III) complex (Eu(+/-tfac)3-
(tppo)2; Φ of 36%; |glum| of 0.09 at 586 nm) (Figure 18a).
Cheng and co-workers [204] have recently fabricated a pair
of the binaphthyl-based dipyrrin zinc(II) chiral MOPs
(+/−)-61. Enhanced CPLs of (+/−)-61 with Φ of 39% and
|glum| of 0.009 at 560 nm were demonstrated compared with
those of corresponding chiral monomers (Φ =30%, |glum| =
0.002 at 570 nm) (Figure 18b).
CPL-active MOFs are promising functional materials in

light of their potential applications in enantiomeric separa-
tion, chiral sensors, and asymmetric catalysis [207–211]. In
the past few years, two kinds of CPL-active MOFs have been
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fabricated. The first one is formed by the coordination as-
sembly of chiral and/or achiral ligands/dyes with metal
nodes; the second one is fabricated by doping emissive

chromophores into the chiral pores or channels of frame-
works. For instance, a series of chiral emissive Zn-imida-
zolate MOFs, e.g., (P,M)-62, were reported by Li and co-

Figure 17 (a) Chiral Pt complex (S)-54 and the CPL spectral changes of the gel of (S)-54 in 1-decanol upon cooling from 50 to 10 °C. Inset shows the SEM
picture of the gel of (S)-54 in 1-decanol [199]. (b) Chiral Pt complex (R)-55 and the schematic representation of the chirality-inversed assembly [200].
(c) Chiral Pt complexes (R/S)-56 and the CPL properties in different states [201]. (d) Schematic representation of the co-assembly of 57 with (R)- or (S)-58
[202]. (e) Chiral gold(I) complexes (R/S)-59 and AIEgens BPEA and TPE [203] (color online).

Figure 18 (a) Chiral MOPs (+/−)-60 and CPL spectra [140]. (b) Chiral MOPs (R/S)-61 and CPL spectra [204]. (c) Formation of chiral 3D MOF 62 [207].
(d) Scheme illustration of the coordination assembly to form chiral MOF 63 [208]. (e) Graphical representation of the formation and FRET-amplified CPLs of
dye-doped chiral MOF 64 [209] (color online).
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workers [207] recently to feature satisfactory CPL with Φ of
4.9–56.4% and |glum| of 0.001–0.0023 at 488–520 nm (Figure
18c). The achiral AIEgen PTPE and chiral camphoric acid
with Cd2+ ions could assemble to form optically pure MOFs
(D,L)-63 (Figure 18d) [208]. These MOFs show both AIE
characteristics and CPL by effective through-space chirality
transfer, with |glum| of 0.012 at 452 nm being detected. More
interestingly, under external mechano stimuli, i.e., grinding
and ultrasound, the red (512 nm) and blue (432 nm) CPLs of
(D,L)-63 could be reversibly switched as a result of the ro-
tation and stacking change of AIEgen rotors within the intact
homochiral framework [208]. Meanwhile, Zang and co-
workers [209] have prepared a kind of intrinsically chiral
MOFs (D,L)-64 containing helical channels as the host
(Figure 18e). When achiral emissive guest chromophores
were incorporated into the chiral channels via hydrogen
bonding, amplified multi-color and white CPLs were ob-
served with or without energy transfer.
Great progress has been made in the development of CPL-

active metal-ligand coordination materials in the past few
years. As was discussed above, an increasing number of
CPL-active coordination materials, e.g., small-molecular
metal complexes, supramolecular assemblies, and MOPs and
MOFs, have been prepared. Several strategies have been
employed to develop efficient CPL materials, including the
utilization of the magnetic dipole-allowed transitions of Ln
and Cr(III) complexes, the exploitation of supramolecular
chirality based on helical assemblies or chiral liquid crys-
talline materials, and the exploration of large and supramo-
lecular structures for chirality amplification (e.g., molecular
helicates, twisted MOPs, and MOFs [212]. In spite of these
advances, the glum values of most of these reported materials
are still low (in the order of 10−2 or less), and only a few of
examples have achieved the value of more than 0.1 for
practical optoelectronic applications. Efficient CPL materi-
als with high glum and Φ remain in greed demand in the
future.

2.7 CPL-active metal clusters

Metal clusters bridging molecules and nanoparticles have
attracted increasing attention for the remarkable structures
and fascinating chemical/physical properties [213–218].
Chiral metal clusters that have discrete energy level for
promising emission properties are potential candidates for
CPL materials [10,46,219–226]. In this section, we will
highlight the recent advances in this emerging research area.
The chiral ligand induction synthesis and chiral assembly

are the effective strategies to design and prepare the CPL-
active metal clusters, including single-valence and mixed-
valence metal clusters (Figure 19). In 2019, using (S) or (R)-
4-phenylthiazolidine-2-thione (denoted as PL or PD) and (S)
or (R)-4-isopropylthiazolidine-2-thione (denoted as L or D)

chiral ligands, respectively, Zang and co-workers [227] re-
ported two pairs of chiral octahedral Ag6 cluster featuring
TADF properties with the highest quantum yield of 95.0%
for Ag6PL6/PD6, which achieved ground-breaking progress
in monolayer-protected silver cluster systems. The bright
luminescence combines chirality in excited states to generate
strong CPL signals with glum of ±4.42 × 10−3.
Analogous to chiral silver clusters, some copper clusters

also exhibited CPL response induced by chiral ligands. In
2020, chiral ligands (R)- or (S)-2,2′-bis(di-p-tolylpho-
sphino)-1,1′-binaphthyl (denoted as R-BINAP or S-BINAP)
were used to construct a pair of enantiomeric Cu3 clusters via
one-step synthesis [228]. The propeller-like chiral copper
clusters exhibited unique photoinduced fluorescence en-
hancement properties and AIE characteristics. In the ag-
gregated state, the chiral clusters showed remarkable CPL
responses with a glum of ±2 × 10

−2. Moreover, chiral alkynyl
ligands with massive phenyl functional groups (R)- or (S)-2-
diphenyl-2-hydroxylmethylpyrrolidine-1-propyne (denoted
as R-DPM or S-DPM) were developed to prepare an optically
pure enantiomeric pair of copper clusters (R/S)-Cu14 [229].
Isolated monomers that have mirror image CD signals are
non-luminescent and CPL inactive in solution, while their
aggregated and crystalline states feature bright red emission
originating from AIE and crystallization-induced emission
(CIE), which correspondingly triggered the CPL signals of
the chiral clusters with a glum of ±1 × 10−2.
Compared with CPL-active single-valence coinage metal

clusters, mixed-valence metal clusters that contain both M(0)
andM(I) centers have much room for development due to the
novel functions and high-performance properties. In 2021,
CPL-active superatomic coinage metal cluster was presented
by Zang et al. [230]. They prepared and structurally char-
acterized an enantiomeric pair of superatomic silver clusters
with symmetric CPL activities by using designed chiral al-

Figure 19 Schematic diagram for asymmetric synthesis and chiral self-
assembly of chiral coinage metal clusters with CPL (color online).
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kynyl ligands (Figure 20a). The Ag framework and the
protecting ligand in superatomic silver clusters presented C3

symmetry and emitted bright NIR luminescence in the solid
state with a quantum yield of 8%, resulting in an un-
precedented NIR CPL response. More importantly, by a
combination of single-crystal X-ray structural analysis, op-
tical experiments and theoretical calculations, it was clearly
revealed that the CPL originated from transitions between
superatomic S and P orbitals. In a study by Bürgi et al. [231],
the synthetic method of Ag24Au1 clusters was modified by
the introduction of the second thiol ligands (R/S)-1,1′-[bi-
naphthalene]-2,2′-dithiol. The chiral Ag24Au1 clusters ex-
hibiting CPL activities were synthesized. The results
revealed that combination of chirality and luminescence to
understand the origin of electronic transitions of metal
clusters has the considerable progress in such molecule-like
coinage metal clusters.
Since intrinsically chiral metal clusters constructed by

achiral ligands are generally obtained as racemic mixtures,
the enantioseparation is required before further chiroptical
exploration. And, the helical structures can be achieved by
self-assembly of the metal clusters. In 2020, Zang and co-
workers [232] developed the chiral resolution of racemic
Ag30 clusters through conglomerate crystallization method.
Recrystallization of the racemic clusters in dimethylaceta-
mide successfully produces single crystals of a pair of en-
antiomers. The enantiopure clusters adopt a spontaneous

double-helical assembly via diverse noncovalent interac-
tions. Due to the red-emitting and homochiral structure, the
CPL responses of the optically pure Ag30 clusters were ob-
served, in which the glum was ±7 × 10−4.
Postmodification synthetic approach allows for tailoring

properties through the stepwise modification of the clusters
using joint functional ligands. In 2020, by combining both
chiral amino acids and luminescent sulfonic-group-contain-
ing organic ligands 4,4′-bis(2-sulfonatostyryl)biphenyl dis-
odium salt (denoted as Na2CF351) and N,N′-
di(ethanesulfonic acid)-3,4,9,10-perylene tetracarboxylic
diimide (denoted as H2TauPDI) on the Ag20 surface, CPL-
active silver clusters are demonstrated [233]. This surface
engineering enables the atomically-precise Ag20 to exhibit
the synergistic effect of chirality and emission due to the
chirality transfer from the chiral Ag24 cluster to the achiral
luminescent ligands, producing CPL with a glum of 5 × 10

−3.
Chiral supramolecular self-assembly of the coinage metal

clusters provides possibility to enlarge CPL response of
metal clusters. For example, in 2017, Tang and co-workers
[234] reported the chiral Au cluster assemblies with CPL
response by chiral ligands R-BINAP or S-BINAP (Figure
20b). Enantiomeric pair of Au clusters R/S-Au3 dispersed in
dichloromethane displayed mirror image CD responses but
free of luminescent and CPL properties. Strikingly, through
adding non-polar n-hexane, the chiral Au clusters were self-
assembled into ordered structures. Compared with the in-

Figure 20 (a) Schematic illustration of CPL-active superatomic silver clusters [230]. (b) The structures of (R/S)-Au3 [234]. (c) Schematic diagram of
cations manipulating the chiral assembly of copper clusters into the structures with different CPL properties [235]. (d) Upper: the spirocyclic Ag9 cores of the
chiral clusters; Below: CPL spectra for the film samples and SEM images of the assembled structures [237] (color online).
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dividual clusters, the chiral gold cluster assemblies showed
CPL responses with glum of ±7 × 10

−3. In 2019, Zang and co-
workers [235] introduced chiral cationic D/L-valinol into the
as-prepared racemic products, and the symmetry of copper
cluster was broken by hydrogen bond interactions, even-
tually resulting in the successful construction of homochiral
cluster ensembles with symmetric CD and CPL activities
(Figure 20c). The result revealed the chiral assembly of
metal clusters induced by counter ions will bring exciting
opportunities for their chiroptical properties. Subsequently,
Zang and co-workers [236] reported two enantiomeric pairs
of gold clusters Au4(PL/PD)4 and {Au4(L4/D4)}n. Intercluster
aurophilicity-driven aggregation triggered CPL of chiral
gold clusters. For the first time, {Au4(L4/D4)}n was suc-
cessfully assembled into the circularly polarized organic
light-emitting devices (CP-OLEDs) with the dissymmetry
factor for electroluminescence ±gEL nearly equal to ±glum,
implying CPL-active coinage metal clusters hold great pro-
mise in the field of chiral lighting materials.
Notably, in 2020, the assemblies of the spirocyclic chiral

silver clusters with excellent CPL performance were con-
structed by Zhao and co-workers [237]. The intrinsically
chiral metal clusters were induced by axial chirality ligand
(R)- or (S)-3-ethynyl-5,5′,6,6′,7,7′,8,8′-octahydro-1,1-bi-
naphthyl-2,2′-diamine (Figure 20d). Furthermore, under
different assembly conditions, the chiral silver clusters
showed AIE characteristic along with fluorescence-to-
phosphorescence switched properties. Remarkably, the as-
sembled helical nanofibers were achieved in solution. The
assembled film of chiral silver clusters showed strong CPL
responses with a remarkably high glum of ±0.16, which are
the highest values reported among metal cluster-based as-
semblies as for 2021.
Together, chiral metal clusters represent a new class of

promising CPL system. The precise structure of chiral metal
cluster is helpful to understand the structure-chiroptical ac-
tivity relationship at the atomic level. However, until now,
CPL-active atomically precise metal clusters are very scarce.
There remain many difficulties in this field. First, there is a
challenge to attain a maximized glum value in a controllable
way in atomically precise metal cluster systems. The helical
assembly of luminescent metal clusters driven by diverse
non-covalent interactions like van der Waals, electrostatic
interactions, C‒H···π, π-π and H-bonding is promising for
enlarging the glum value. Second, utilizing the helical poly-
mer structures in combination with the metal clusters may
lead to CPL properties with high glum value. Third, the step-
by-step post-modification synthetic approach using custom
functional ligands with additional luminescence and chirality
may be effective. Fourth, unique coordination assembly of
metal clusters into high-dimensional framework could ex-
tend applications in CPL sensing, because of their rich and
diverse pores. Notably, more synthetic strategies need to be

innovated for increasing emission efficiency and asymmetric
factor of metal cluster-based materials. Briefly, CPL-active
metal clusters act as a type of promising functional materials,
which is worthy of further exploration. We believe that the
future is bright in this field.

2.8 CPL-active inorganic nanomaterials

The proficient synthetic chemistry has allowed for fabricat-
ing tailorable chiral inorganic nanomaterials with intense
optical activity and have been extensively studied for various
applications in the field of chiral related catalysis [238,239],
biosensing [240–242], chiral recognition and bio-interac-
tions [243,244], and biomedicine [245], as well as physico-
chemical device [246], among others [247,248].
Sophisticated construction techniques for chiral nanos-
tructures have been achieved in individual synthesis of na-
nocrystals [249,250], two-dimensional (2D) fabrication of
either nanosheet [251] or large scale films [252,253] and 3D
pyramidal [254], helical and dihedral geometrical [255] as-
sembly of inorganic nanocrystals and so on [256,257]. Now
days, the chiral inorganic nanomaterials with CPL have been
drawing more and more attention owing to their huge po-
tentials in 3D displays, information security, chiral identifi-
cation, and optoelectronic devices and so on [1,3,10]. Similar
to chiral inorganic nanomaterials, CPL-active inorganic
materials can be classified into zero-dimensional (0D) [258]
and 1D nanocrystals [259], 2D sheet and film structures
[253], and 3D nanostructures, such as helical chiral inorganic
nanostructures with CPL activity [166].
Based on recent development of CPL, major efforts have

been made to realize the high chiral purity to obtain high
CPL signals for solving the problem existing in the field:
(1) structural control for highly uniform and ordered CPL-
active materials, and (2) strong CPL signals with larger glum,
in which the strong chiral structure can help to induce strong
CPL. Different colloidal fabrication systems by synthetic
methodology in aqueous and organic phases for 0D and 1D
chiral nanocrystals, and their large scale 2D and 3D assembly
strategy have been developed for strong CPL active mate-
rials including QDs and perovskite nanocrystals.
QDs usually have enhanced photoluminescence quantum

yields and display fascinating chiroptical properties for
studying CPL signals [10,258,259], in which chirality ori-
ginating from: (1) dislocations and defects enabled in-
trinsically chiral nanocrystals, (2) ligand-induced chiral
surfaces or chiral interactions between chiral ligands and
achiral QDs, and (3) chirally assembled QDs superstructures.
Among these, ligand exchange with chiral molecules pro-
vides uniform size distribution with known surface chem-
istry of chiral QDs. It was found that CD signals of a chiral
luminescent QD do not ensure the presence of CPL signals,
while CPL-active materials usually have chirality with
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Cotton effect. For introducing the CPL, the intensive optical
activity and fluorescence is necessary. The early reported
CPL signals were weak for CdSe QDs with glum of 4.66 ×
10−4 (Figure 21a) [258,259]. The individual QD can only
generate weak CPL while chiral superstructures, like helical
morphology, could give rise to stronger CPL and many at-
tempts have thus been made in chiral assemblies. The re-
ported superstructures included the helical co-gels of CdSe/
ZnS core-shell QDs by organic lipid gelator N,N′-bis(octa-
decyl)-L-/D-glutamic diimide [84], the co-gel of QDs by N-
behenic-1,5-bis(L/D-glutamic acid)-L/D-glutamic diamide
(L-/D-BGAc) [28], and chiral FeS2 quantum dot hydrogels
[260] with the highest glum of 3.26 × 10

−2 (Figure 21b, c). It is
notable that the starting chiral QDs might not be CPL active
while the helical co-gel assemblies help to induce CPL sig-
nals due to collective enhancement [84,261]. Large scale
fabrication of mesoscale QDs structures can even induce
stronger CPL signals [262], which aroused great interests for
future study.
Chiral semiconductor perovskites have deemed as an

emerging topic of interest which were investigated for pro-
ducing strong CPL signals [263]. CPL-active chiral per-
ovskites have attracted much attention by their facile
preparation and great potential applications [264,265]. Chiral
perovskites can be facilely prepared using chiral ligand as the
capping reagent to generate CPL with chiral origins from:
(1) the incorporation of chiral organic moieties that formed
metal halide hybrid complex; (2) chiral ligands modified on

the surfaces of metal halide nanocrystals; and (3) the metal
halide chiral superstructures [266,267]. The first example of
perovskite was reported by Duan’s group using chiral α-
octylamine to prepare cesium lead bromides (CsPbBr3)
perovskite nanocrystals, which showed two-photon absorp-
tion-based upconverted CPL with glum of 7.0 ×10−3 (see
further discussions in Section 2.9) [268]. Generally, for
generating strong CPL signals, the chiral ligand involved in
synthesis and the uniformity in size of the individual chiral
nanocrystal can help to induce stronger CPL. The “ligand-
controlled synthesis” strategy has been reported for uniform
formamidinium lead bromide (FAPbBr3) nanocrystals by
using chiral (R)-2-octylamine ligands in the synthetic pro-
cess that achieved glum as high as 6.8 × 10−2 (Figure 22a–c)
[267]. This was about 6 times higher than that of FAPbBr3
nanocrystals prepared through post-synthetic ligand treat-
ment process, which was the highest among reported in-
dividual perovskite nanocrystals.
Chiral assemblies of perovskite for helical superstructures

could help to induce stronger CPL signals. The helical
structure of silica nanohelices assembled perovskite CsPbBr3
nanocrystals [269], chiral helical polymer/perovskite hybrid
nanofibers were fabricated for generating and enhancing
CPL signals [85,166]. Deng et al. [166] reported chiral he-
lical polymer/perovskite hybrid nanofibers through a one-
step electrospinning method in which chiral helical poly-
acetylenes, achiral CsBr and PbBr2 perovskite nanocrystals,
and polyacrylonitrile were used as the handed-selective

Figure 21 (a) Schematic illustration of the CPL active Cys-CdSe/CdS nanorods and CPL spectra [259]. (b) The cyan-emissive QDs assembled co-gels for
the CPL spectra (black line) [260]. (c) Chiral FeS2 QDs assembled co-gels and corresponding CD and CPL spectra [261] (color online).
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fluorescence filter, fluorescent source, and electrospinning
matrix, and finally, the high glum value of 3.2 × 10−2 was
achieved (Figure 22d–f). Other inorganic nanomaterials,
such as the carbon dots, which can be assembled into chiral
co-gels using LGAm/DGAm lipid and generated strong CPL
with the glum up to 10−2 [86]. This was the first time to
successfully prepare circularly polarized white-emitting
chiral carbonized polymer dots. Varieties of CPL active in-
organic nanomaterials are potentially important to explore
with controllable and scalable constructions.
Further large scale assembly of QDs and perovskite into

chiral films can help to enhance the CPL signals by either
deposition, casting or spin coating that have been reported
for chiral ZnS/CdSe QDs film [262], chiral 2D perovskites
film [253], and chiral carbon dots film [270]. Semiconductor
QDs were co-assembled in cellulose nanocrystal-based left-
handed hierarchical photonic films that resulted in full-color
tunable CPL with glum as high as 0.48 (Figure 23a–d) [262].
Using the cholesteric superstructure stack, Li’s group [271]
assembled CsPbX3 perovskite nanoparticles into chiral
cholesteric liquid crystals (CLCs) films with glum as high as
1.6 (Figure 23e, f). This was the highest value reported for
the glum of CPL from inorganic materials. Similarly, Xu et al.
[270] reported the hybrid chiral photonic film by co-
assembly of carbon dots, cellulose nanocrystals, and poly
(vinyl alcohol) with glum up to 0.27. The future mesoscale
construction of chiral semiconductors with strong CPL will
be extremely crucial for real applications.
Recent breakthroughs in technological development have

led to great progress in the field of CPL-active inorganic
materials, in which the majorities focus on chiral structure

fabrication, CPL generation and enhancement. Regarding the
progress, the future advances of chiral materials can be
summarized from different aspects in this field: (1) The
further freedom to fabricate advanced and complex chiral
structures with fine control in geometry and enantiomeric
configuration is still in great demand. The biological, che-
mical and physical functions should be further designed and
assembled for application purpose. (2) The glum for the re-
ported inorganic materials is still not high. Most of the in-
organic materials are in the 10−3 to 10−2 magnitude, which
limits the application of CPL. The strategy for CPL gen-
eration and enhancement may rely on multiple technology
advance such as supramolecular chemistry, inorganic
chemistry, nanoassemblies, lithography techniques, and
glancing angle vacuum, and evaporation. These advances
would allow us to construct uniform and scalable homochiral
systems with strong CPL signals. (3) We are still on the early
stage of CPL active materials research, and rarely have de-
monstrated realistic applications. The CPL-related optical,
electrochemical, and physicochemical properties could result
in extensive applications. The great opportunities lie in
spins-, electrons- and photons-related field for developing
photonic, optoelectronic and displaying devices. Perhaps
more comprehensive evolution from current field of CPL
will be in near future.

2.9 Photon upconversion systems

The term “upconverted circularly polarized luminescence”
(UC-CPL) was developed by integrating the concept “photon
upconversion” and “circularly polarized luminescence”.

Figure 22 (a) Chiral ligand-controlled synthesis and corresponding (b) CPL and (c) glum spectra of FAPbBr3 nanocrystals [267]. (d) Preparing CPL-Active
chiral helical polymer/perovskite hybrid nanofibers through electrospinning and corresponding (e) CPL and (f) glum spectra of the hybrid nanofibers [166]
(color online).
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Besides the inherently high dimensional information of CPL,
UC-CPL can meet more functional requirements and appli-
cations by adjusting the anti-Stokes emission. Meanwhile,
since upconversion processes include more photophysical
and photochemical processes than the common Stokes
emission, UC-CPL should be more flexible to be built. To
date, plenty of reports involving various upconversion me-
chanisms have been presented. We summarize a few note-
worthy approaches that have been demonstrated to achieve
UC-CPL considerably, which so far can be divided into three
categories: two-photon absorption upconversion (TPA-UC),
triplet-triplet annihilation-based upconversion (TTA-UC), as
well as upconversion of lanthanide-doped nanoparticles
(UCNPs) with hybrid mechanisms.
When CPL and TPA-UC are integrated, UC-CPL can be

achieved with a significantly large anti-Stokes shift. Chro-
mophore with TPA properties should be incorporated with
asymmetric environment as an essential approach to generate
CPL based on TPA-UC. In chiral perovskite nanocrystals,
Chen et al. [268] directly observed the TPA-based UC-CPL

phenomenon (Figure 24a). Under the excitation of
an 800 nm femtosecond laser, the perovskite nanocrystals
modified by chiral ligand showed UC-CPL behavior around
520 nm with glum at the magnitude of 10−3 (Figure 24b, c).
Corresponding parameters including TPA cross-section and
the power-dependent luminescence curves have been mea-
sured to exhibit TPA process, with intensity being propor-
tional to the square of the excitation light intensity.
Currently, direct measuring CPL based on TPA-UC gives

the rare case, although some studies have reported several
kinds of systems which can exhibit both CPL and TPA-UC
[272–275]. Exploration of more systems and corresponding
mechanism should be necessary for the improvement of CPL
based on TPA-UC. In addition, a plentiful effort should be
devoted into the intrinsic defects of TPA-UC for requiring
extremely high excitation power density and low upconver-
sion efficiency.
TTA-UC, constructed by sensitizers and acceptors, results

in a more interesting effect on CPL. For the CPL through
TTA-UC process, to create two excited triplets, two sensi-

Figure 23 (a) CPL photonic films through the co-assembly of cellulose and semiconductor QDs. (b) Photographs of a photonic film under a left-handed
circularly polarized filter (left panel) and a right-handed circularly polarized filter (right panel). (c, d) SEM images and the CPL and glum spectra for the chiral
photonic film [262]. (e) The cholesteric superstructure stack of perovskite nanocrystals for the CPL system. (f) The measured luminescent spectra using the
configuration for blue (left), green (medium), and red (right) luminescence probed with and without polarizing filters [271] (color online).
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tizers absorb an equal quantity of low-energy photons. After
that, triplet-triplet energy transfer (TTET) from sensitizer to
acceptor will pump the triplet state of acceptor. Finally, TTA
of two chiral acceptor triplets generates one acceptor with
ground state and one excited singlet state acceptor, which is
responsible for the UC-CPL (Figure 25a). Noteworthy, the
circular polarization of CPL through TTA-UC process tends
to be amplified compared to common downshift CPL from
individual acceptors.
UC-CPL systems based on TTA not only require relatively

low-intensity excitation light, but also work as potential
method to boost the CPL performance. In 2017, Han et al.
[276] built the CPL system based on TTA-UC process by

using Pt(II) octaethylporphine (PtOEP) to sensitize chiral
chromophore (R/S)-65 (Figure 25b). The 20-fold amplifica-
tion of glum was observed for UC-CPL in comparison with
the normal CPL of acceptors. To further extend the UC-CPL
emission region, the generality of various upconversion do-
nor/acceptor pairs were further demonstrated [277]. The ef-
ficiency of the TTA process will be reduced due to chirality-
induced spin polarization, which is possibly responsible for
the enhancement of glum value. Moreover, CPLs based on
TTA mechanism have been widely presented in other sys-
tems like liquid crystals [278,279] and supramolecular gels
[280,281]. These chiral hosts have received considerable
attentions for the flexible controllability of CPL. Recent
work has revealed a strategy by using achiral C3-symmetric
molecules to build the chiral nanohelix through symmetry
breaking, and then it can load TTA-UC donor/acceptor pairs
[280]. Seeded vortex is proven available to control the
chirality of assembly and corresponding UC-CPL. In addi-
tion, liquid crystal as the common medium can generate a
large glum value, enabling the application in asymmetric
catalysis [279]. Yet noteworthy, the measurement of down-
and upconverted CPL in the identical materials is necessary
to evaluate the amplifying glum of CPL through the TTA
process. Therefore, to evaluate the amplifying CPL effects in
the heterogeneous assembly systems ought to carefully avoid
potential pitfalls by other factors.
Recent advances in UCNPs were broadly utilized to con-

duct the UC-CPL study. Advantages of using UCNPs include
the following aspects: tunable emission wavelength, stabi-
lity, and relatively low-power excitation. In 2019, Jin et al.
[282] reported a chiral supramolecular gel system, which
could co-assemble with UCNPs to form hybrid gel system,
exhibiting UC-CPL behavior (Figure 26a). Its ultraviolet
region has been successfully used for the enantioselective
polymerization of diacetylene. In addition, the approach of
seeded vortex could be used to adjust chiral assembly, thus
UCNPs were successfully blended into the nanohelix, en-
abling the UC-CPL emission [280]. Other chiral environ-
ments were also demonstrated like liquid crystal [282–284]
and metal-organic framework [285,286], which built pow-
erful platforms for constructing stimulus responsiveness of
UC-CPL.
Afterwards, the UC-CPL phenomenon on the basis of

UCNPs has been further extended to the donor-acceptor
system involving energy transfer process (Figure 26b). En-
ergy transfer can occur between UCNPs and acceptors in the
cases of perovskite nanocrystals [287] or organic dyes [286].
In the asymmetric environment, this kind of acceptors is an
important component in achieving functional and tunable
CPL. Meanwhile, relying on re-excitation of CPL from do-
nor, this kind of approach is possible for enhancing CPL of
acceptor. In the liquid crystal, by matching the photonic
bandgap with emission of energy acceptors, the selective

Figure 24 (a) The sketch of TPA-based UC-CPL process. (b) The strat-
egy to endow perovskite with chirality by modification of chiral α-octy-
lamine. (c) Two-photon upconverted CPL spectra of chiral perovskite
nanocrystals in n-hexane [268] (color online).

Figure 25 (a) The diagram of the TTA-based UC-CPL mechanism.
(b) Boosting CPL of chiral acceptor based on TTA process [276] (color
online).
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reflection will result in a pretty large glum value of UC-CPL.
Particularly, in liquid crystal system, CPL performance is
switchable by tuning the electric field due to the electro-
optical effect of LCs based on the electric field-responsive
molecular rotations [101]. Herein, liquid crystal should be
regarded as a good substrate to get high-quality CPL per-
formance.
Basically, based on the three types of photons upconver-

sion mechanisms: TPA, TTA, and UCNPs, in the realm of
photochemistry and physics, the proposed UC-CPL concept
is a relatively new research area. The design of UC-CPL
through TPA-UC process is simple because it is normal to
achieve TPA emission from single component. However, the
high-power excitation requirement and TPA cross-section
should be considered thoroughly. TTA-based UC-CPL has
much more design freedom, but it requires the challenge
about good combination of donors and acceptors. Further-
more, oxygen quenching of triplets is a critical issue. UC-
CPL system built by UCNPs enables more possibility to tune
the emission; however, the adjustable chirality and compat-
ibility of UCNPs strongly rely on chiral ligand structure
where inappropriate ligands tend to induce phase classifi-
cation and weak interaction to the target. Exploring effective
methods to solve the problems including the low upconver-
sion efficiency, small dissymmetry factor value, and in-
compatibility with various practical applications, should be
the critical issue. Moreover, size effect of the nanostructure
on UC-CPL performance needs to be further explored.
For improving the quality of CPL, structure-activity re-

lationships from different chiral materials are still desirable

to be researohed. To date, chiral assembly demonstrates
dramatically high CPL performance. Especially in liquid
crystals, near-completely left or right CPL is possible to be
obtained. Designing upconversion in chiral liquid crystal is
an alluring choice for achieving excellent UC-CPL perfor-
mance. Meanwhile, considering that upconversion fre-
quently involves multi-step photophysical or photochemical
processes, how to build chiral environment and endow do-
nor/acceptor system with chirality becomes more and more
important. Re-excitation by circularly polarized light gen-
erated from the donors may raise more possibilities in am-
plifying CPL. To understand the inherent mechanism of
chiral systems, it is encouraged to take in-depth and quan-
titative research on each step of the photophysical process.
The development, amplification, and modulation of UC-CPL
will have been instrumental in our understanding of practical
applications like sensors, imaging and data transformation
applications.

3 Applications of CPL

3.1 Circularly polarized organic light-emitting devices
(CP-OLEDs)

Since the first report of the low-voltage driving organic light-
emitting device (OLED) in 1987, it became a rapidly ex-
panding field in both industry and academia [288]. By re-
searchers’ effort, OLED displays have been widely used in
smart phone, television, and laptop and so on because the
external quantum efficiencies (EQEs) of OLEDs have al-
ready reached the theoretical maxima of 30%–35%. There-
fore, it is necessary to develop new technology and materials
for next generation display. Compared with using a polarizer
and a quarter-wave plate to obtain CP light, chiral CPL
material avoids complicated filtering structure and bright-
ness loss. Therefore, the CP-OLED based on chiral lumi-
nescent materials can simplify device structure and improve
device efficiency for 3D display.
The widely used OLEDs always have “sandwich” struc-

ture, characterized by the hole injection from the indium-tin
oxide (ITO) anode and electron injection from the metal
cathode. Due to the differences of the charge transport
property and sublimate ability of the emitters, OLEDs can be
fabricated by solution-processed or evaporation process with
single, double or multi organic layers including hole injec-
tion and transport layers, electron injection and transport
layers, and emissive layers (Figure 27). Compared with
traditional OLEDs, CP-OLEDs have the similar structures
but replacing the normal emitters with chiral luminescent
materials.
Solution-processed methods are widely applied to poly-

mers, organic molecules and metal complexes. The first CP-
OLED was reported by Meijer et al. [289] in 1997 based on a

Figure 26 (a) Chiral nanotube wrapping UCNPs to generate the UC-CPL
[282]. (b) Energy transfer from UCNPs to DAEs loaded in chiral MOFs
with amplified UC-CPL [286] (color online).
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chiral π-conjugated poly(p-phenylenevinylene) (PPV) deri-
vative (66), and the gEL factor reached −1.7 × 10

−3 at 600 nm
(Figure 28 and Table 4). But because the simple single-layer

Figure 27 CP-OLED device structures (color online).

Figure 28 Chiral materials used in solution-processed CP-OLEDs.

Table 4 Parameters of CP-OLEDs a)

Material λEL (nm) gEL EQEmax (%) Ref.

(−)-66 b) 600 −1.7×10−3 NR [289]

67 +(P)-68 b) 575 +0.2 NR [292]

69a b) ND ND NR [293]

69b b) 425 −0.20 NR [293]

69c b) 430 −0.07 NR [293]

69d b) 425 −0.04 NR [293]

(−)-70 b) 595/612 −1.0/+0.19 0.005 [297]

(−)-71 b) 615 −0.38 NR [298]

(R)-72 b) 525/558 −10−3 NR [299]

(fac,Λ)-73 c) 522 −2.8×10−4 21 [304]

(Λ)-74 c) 533 −3.1×10−4 25 [304]

(Λ)-75 c) 470 ND 30 [304]

(Λ,R)-76 c) 500 −2.6×10−3 NR [304]

(Δ,R)-77 c) 595 +5×10−4 23.7 [305]

(Λ,R)-77 c) 595 NR NR [305]

(Δ,R)-78 c) 599 NR 21.7 [305]

(Λ,R)-78 c) 599 NR 21.7 [305]

(Δ,R)-79 c) 466 +2.4×10−3 12.3 [306]

(Λ,R)-79 c) 466 –2.1×10−3 13.3 [306]

(M)-80 c) 653 +1.3×10−3 4.6 [307]

(M)-81 c) 650 +1.4×10−3 18.8 [314]

(Δ,R)-82 c) 525 +7.7×10−3 17.1 [315]

(Λ,R)-82 c) 525 –6.6×10−3 11.8 [315]

(S,S)-85 c) 520 –1.7×10−3 19.7 [22]

(R,R)-86 c) 592 NR 12.4 [322]

(S)-87 c) 537 +0.06 3.5 [323]

(S)-88 c) 563 +0.054 2.3 [323]

(S)-89 c) 550 +0.067 2.9 [323]

(S)-90 c) 597 +0.084 0.6 [323]

(S)-91 b) 496 –3.7×10−4 10.1 [324]

(S)-91 c) 492 –5.5×10−4 8.4 [324]

(S)-92 b) 516 –3.9×10−4 10.6 [324]

(S)-92 c) 515 –8.6×10−4 12.4 [324]

(R)-93 c) 550 +2.3×10−3 12.3 [309]

(R)-94 c) 526 –2.3×10−3 32.6 [308]

(R)-95 c) 536 –6 × 10−4 28.3 [311]

(R)-96 c) 567 –2.4 × 10−3 20.3 [311]

(R)-97 c) 604 –4.2×10−4 0.12 [303]

(Sp)-99
c) 480 NR 17 [325]

(S)-100 c) 468 –0.012 12.5 [326]

(S)-101 c) 537 +4.5×10−3 17.8 [327]

(+)-103 c) 500 NR 20.8 [328]

(S)-104 c) 508 +1.3×10−3 12.5 [329]

(S)-105 c) 508 +1.0×10−3 23.1 [329]

(S)-106 c) 472 +3.1×10−3 20 [330]

(M)-107 c) 585 +3.0×10−3 5.1 [331]

(S,S)-108 c) 536 –1.4×10−3 21.5 [332]

a) NR = Not reported, ND = not determined due to low signals; b)
solution-processed OLEDs; c) evaporation-processed OLEDs.
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structure and the fluorescence characters of the polymer, the
onset voltage of the device was as high as 6–7 V with poor
device performances. Then, a series of similar studies were
done by Chen’s group [290], Nuzzo’s group [154] and
Cheng’s group [291] with improved device efficiencies. In
2013, Campbell et al. [292] doped achiral conjugated poly-
mer 67 with chiral 1-aza[6]helicene (P/M)-68 acting as one
CPL filter and the device exhibited a high gEL of 0.2 with a
low power efficiency (PEmax) of 1.1 lm/W. More recently,
Meijer et al. [293] developed a series of alkyl-substituted
copolymers, 69a–69d, of which the devices exhibited gEL
factors up to −0.2 at 425 nm, but the device still suffered
from low efficiency. The presence of chiral groups on
the fluorene unit of 69 was found to be crucial for the CPL
activity and no CPL was observed for 69a. In addition, great
progress was made by Campbell’s group [294], Kim’s group
[295] and Yu’s group [296] in recent years with gEL factors
up to 1.13, which is mainly due to the formation of the helical
structures after annealing treatment of the polymer emitters.
In 2015 and 2017, Di Bari et al. [175,297] blended the

ionic europium complex CsEu(hfbc)4 (70) with poly-
vinylcarbazole (PVK) and 1,3-bis[2-(4-tert-butylphenyl)-
1,3,4-oxadiazo-5-yl]benzene (OXD7) as the emissive layer.
The corresponding devices exhibited high gEL up to 1.0 due
to the allowed magnetic dipole transition (glum = 1.35) of
the Eu(III) complex with low EQEmax of 5 × 10

−3 because of
the complex’s long excitation state lifetime. In 2016, Fuchter
et al. [298] also fabricated the similar CP-OLEDs with a
platinum helicene emitter 71 achieving a high gEL factor but
low device efficiency. In 2017, Zhao et al. [299] fabricated
the CP-OLEDs with the chiral bis-cyclometalated phos-
phorescent iridium(III) isocyanide complex 72, obtaining a
current efficiency of 7.50 cd A−1 with the gEL factors in the
order of 10−3. At the same time, some groups also fabricated
the CP-OLEDs with a single layer based on small fluores-
cence and TADF molecules with similar properties
[67,169,300–303].
These CP-OLEDs fabricated with solution process exhibit

high gEL factors; however, the relatively simple device
structure remains hard to balance the hole-electron injection
and transport, and the unsatisfactory performances hinder
them for commercial application. Therefore, to improve the
CP-OLED performances, most devices were fabricated by
evaporation method with multi-functional layers. To meet
the requirement of evaporation, chiral luminescent mole-
cules should contain two features, relatively small molecular
weight and weak intermolecular π-π interaction. Thus,
emissive layers of this type of CP-OLEDs mainly consist of
CP-TADF molecules, which will be mainly discussed the
following section, and chiral neutral metal complexes. This
section mainly focuses on the CP-OLEDs based on chiral
metal complexes.
In 2015, Zheng’s group [305] reported the CP-OLEDs with

multi-functional layer based on chiral Ir(III) complexes 73–
76 for the first time, and the gEL factors are in the order of
10−3 with an EQE over 21% (Figure 29 and Table 4) [304]. In
2019, they reported two series of chiral red cyclometalated
Ir(III) complexes 77 and 78 based on sulfur atom containing
axially chiral derivatives, and the corresponding CP-OLEDs
show an EQE of 23.7% with low efficiency roll-off as well as
gEL factors around 5 × 10−4. Recently, they introduced
phosphine chirality to the ancillary ligand and the blue Ir(III)
complex 79 with double chiral centers was separated into
four enantiomers with |glum| around 1.4 × 10−3 [306]. The CP-
OLEDs exhibited an EQE of 13.3% with |gEL| about 2.0 ×
10−3.
To improve the device efficiency, researchers also applied

double emissive layers in CP-OLEDs for chiral Pt(II) com-
plexes [307] and TADFmaterials [308–312]. For example, in
2020 Zheng and co-workers [307] prepared a pair of deep-
red platinahelicene enantiomers (P/M)-80 peaking at
653 nm, which showed a |glum| of 6 × 10−3. Moreover, the
evaporated CP-OLEDs displayed an EQE of 4.6% as well as
the |gEL| in the order of 10

−3.
So far, CP-OLEDs demonstrated by various research

groups have exclusively focused on bottom-emission de-
vices. In 2020, Pieters group [313] fabricated the top-emis-
sion CP-OLEDs, which meet the requirements of silicon-
based high-resolution microdisplay technology, paving the
way to other microelectronics-related photonics applications.

Figure 29 Metal complexes used in evaporation-processed CP-OLEDs.
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To present, most CP-OLEDs show lower gEL than glum
factors, except for the chirality transfer from the guest to
host. One main reason is the spiral direction of CP light
would reverse after the reflection from cathode, which would
impair the degree of circular polarization. For instance, Bari
and co-workers measured the CP photoluminescence of the
CsEu(hfbc)4 blend film covered with 100 nm Al film (glass/
[CsEu(hfbc)4+host]/Al) by exciting and collecting light from
the glass side and found that the gPL value was lowered to
−0.11 at 595 nm from −1.21 in the uncovered film [297]. In
corresponding CP-OLEDs, the gEL values were also found to
decrease significantly when a thick layer of Al cathode was
used [297]. Therefore, to reduce this effect, devices with
aluminum/silver (Al/Ag) as semitransparent cathode were
deposited as cathode, and the CP-OLEDs showed equally gEL
than gPL factors. For example, in 2019, Zheng and Zhou
groups [314] reported a pair of platinahelicene enantiomers
(P/M)-81 featuring superior configurational stability with
|gPL| factors about 4 × 10

−3, and the CP-OLEDs exhibited an
EQE of 18.81% with |gEL| factors 0.0011–0.0016. To sup-
press the effect of reverse CPEL signal from the cathode
reflection, the further implementation of semitransparent
aluminum/silver cathode successfully boosts up the |gEL| by
over three times to 5.1 × 10−3. Recently, Yang, Zheng and
Zhou groups [315] reported two green chiral iridium(III)
isomers (Λ/Δ)-82 containing dual stereogenic centers at ir-
idium and ancillary ligand. The CP-OLEDs showed ex-
cellent performances with the EQE of 30.6% and gEL in the
10−4 order of magnitude. By using semitransparent cathode,
the resulting gEL values are significantly boosted by one or-
der of magnitude, up to 7.70 × 10−3. Furthermore, this
strategy was also applied in CP-OLEDs based on chiral
TADF materials [316]. The regular CP-OLEDs showed gEL
values at the degree of 10−4, and the semi-transparent devices
exhibited |gEL| factors around 4.6 × 10−3.
To sum up, chiral luminescent molecules and CP-OLEDs

have potential application for 3D displays and the device
efficiencies have already drawn near to the theoretic limit in
some reports. But the main challenge is to realize good de-
vice performances with high enough gEL factors (> 1 at least).
However, some chiral polymers with helical structures after
annealing and Eu(III) complexes based CP-OLEDs showed
gEL factors higher than 1 with low efficiency. The chiral
phosphorescent materials display excellent device effi-
ciencies, but the |gEL| ranging from 10−4 to 10−2 is still far
from satisfactory. Considering the gEL factors are mainly
determined by the gPL factors of chiral luminescent materials,
we believe that the helical phosphorescent materials or
polymers would be promising candidates for CP-OLEDs
with both high efficiency and g factors. In addition, chiral
TADF materials are another kind of important candidate for
highly-efficient CP-OLEDs, which will be discussed in the
following section.

3.2 CP-OLEDs based on chiral TADF molecules

TADF emitters have been used as new-generation lumines-
cent materials to fabricate highly efficient OLEDs [316–
319]. Owing to the efficient up-conversion process of TADF
materials with small singlet-triplet splitting energy (ΔEST),
TADF materials can result in purely organic electro-
luminescence with theoretically 100% internal quantum ef-
ficiency (IQE), and the efficiencies of TADF-based devices
are comparable to those of phosphorescent emitters, which
have even surpassed 30%. Combination of TADF emitter
and chiral unit provides the most effective way to realize the
fabrication of high efficiency CP-OLEDs [20].
In 2015, Imagawa et al. [320] reported the first chiral

TADF molecules (R/S)-83 (Figure 30) with CPL properties.
The enantiomers showed ∆EST of 0.19 eV in doped film, and
exhibited mirror-image CD signals and CPL (|glum| were 1.1
× 10−3) properties in toluene. Unfortunately, the devices
based on the enantiomers have not been achieved, and their
CPEL properties have not been detected as well. One year
later, Pieters et al. [321] reported a pair of chiral TADF
emitters (R/S)-84 with CPL activities, which consisted of a
chiral perturbing moiety (binaphthol unit) and a TADF
emitter moiety. It was found that the chirality of binaphthol
could be well transferred to the TADF emitter, which made
the enantiomers emit CP light. The chiral TADF emitters
showed high photoluminescence quantum yield (PLQY) of
up to 74% and mirror-image CPL activities with the |gPL|
value of 1.3 × 10−3. Furthermore, the devices fabricated with
(S)-84 displayed maximum current efficiency (CEmax) of
34.7 cd/A, PEmax of 16.3 lm/W, and EQEmax of 9.1%. How-
ever, the CPEL properties of the devices were still not stu-
died.

Figure 30 Structures of chiral TADF molecules (R/S)-83, (R/S)-84, (R,R/
S,S)-85, and (R,R/S,S)-86 (color online).
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In 2018, Chen’s group [22] reported a pair of chiral TADF
emitters (S,S)- and (R,R)-85, which were designed by com-
bining achiral aromatic-imide-based TADF enantiomers with
chiral 1,2-diaminocyclohexane. The enantiomers displayed
high excellent photophysical properties and mirror-image
CD and CPL properties. Notably, the CP-OLEDs based on
the enantiomers not only achieved maximum EQE (EQEmax)
of up to 19.7% and 19.8%, respectively, but also displayed
opposite CP electroluminescence (CPEL) signals with gEL
values of −1.7 × 10−3 and 2.3 × 10−3, respectively (Table 4).
This represented the first CP-OLEDs based on the en-
antiomerically pure TADF emitters with both high effi-
ciencies and intense CPEL properties. Recently, Chen et al.
[322] have conveniently synthesized a couple of 1,8-naph-
thalimide-based chiral emitters (R,R)- and (S,S)-86. The
enantiomers exhibited high thermal stability with decom-
position temperature of 405 °C, excellent electrochemical
properties and TADF properties with small ∆EST of 0.07 eV.
Moreover, the emitters also showed obvious mirror-image
CD and CPL properties. By using the enantiomers as emit-
ters, the OLEDs with the bands centered at 592 nm achieved
high EQEmax values of 12.4% and 12.3%, respectively.
Based on the chiral perturbation strategy similar to that of

Pieters’ work, Tang’s group reported a series of chiral
AIEgens (R/S)-87–(R/S)-90 in 2018 (Figure 31) [323]. These
chiral AIEgens with TADF activities emitted light ranging
from green to red. Moreover, these emitters displayed good
photophysical properties with ΦF of 0.05–0.38 in neat films
and exhibited mirror-image CPL properties with the |glum|
values of 2.0 × 10−2–4.1 × 10−2 in neat films. The chiral
AIEgens were further used as the dopant and neat film to
fabricate CP-OLEDs. The multicolour electroluminescence
from 493 to 571 nm for doped film-based CP-OLEDs and
from 537 to 597 nm for neat film-based CP-OLEDs was
achieved. Among them, the obtained doped and nondoped
CP-OLEDs based on the enantiomers (R/S)-87 exhibited
EQEmax of 9.3% and 3.5%, respectively, and they also
showed large gEL values of +0.026/−0.021 and +0.06/−0.06.
Recently, Huang et al. [324] reported two pairs of chiral

TADF emitters (R/S)-91 and (R/S)-92 based on the chiral
perturbation strategy and then constructed vacuum-deposited
and solution-processed CP-OLEDs. It was found that the
emitters exhibited high PLQYs, good TADF properties, good
solubility, excellent optical stability, as well as mirror-image
CD and CPL properties. Moreover, the sky-blue CP-OLEDs
based on (R/S)-91 and (R/S)-92 displayed EQEmax of 8.4%/
12.4% and |gEL| values of 4.0 × 10−4–5.5 × 10−4 and 6.0 ×
10−4–8.6 × 10−4, respectively, in the vacuum-deposited de-
vices, as well as EQEmax of 10.1%/10.6%, and |gEL| values of
2.5 × 10−3–3.7 × 10−3 and 3.5 × 10−3–3.9 × 10−3, respectively,
in the solution-processed devices. This work also promoted
the development of solution-processed CP-OLEDs based on
chiral TADF emitters.

To optimize the efficiencies of CP-OLEDs, Zheng et al.
[309] reported the diphenylamine-based TADF emitters (R/
S)-93 based on chiral octahydro-binaphthol (Figure 32).
Compared with TADF molecules (R/S)-84, (R/S)-93 ex-
hibited slightly better optical property with the PLQY of
84.67% and |glum| values of about 2.0 × 10−3 in films. Then,
non-doped and doped CP-OLEDs based on (R/S)-93 were
fabricated, which displayed the EQEmax of 12.4% and |gEL|
value of 2.9 × 10−3. Using the same strategy, their group also
reported carbazole-based chiral TADF emitters (R/S)-94 and
corresponding CP-OLEDs [308]. These chiral emitters

Figure 31 Structures of chiral TADF molecules (R/S)-87–92 (color on-
line).

Figure 32 Structures of chiral TADF molecules (R/S)-93–98 (color on-
line).
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exhibited excellent TADF properties with low ∆EST of
0.037 eV, high PLQY of 92% and |glum| value of 4.24 × 10

−3

in film. When the chiral emitters (R/S)-94 were used to
fabricate CP-OLEDs with dual emissive layers, the |gEL|
value of 2.0×10−3 was displayed. Notably, the devices ex-
hibited high EQEmax of 32.6% and low efficiency roll-off,
which represented the highest efficiency of CP-OLEDs
based on chiral TADF materials so far.
Based on the chiral perturbation strategy, Tang et al. [311]

recently constructed two pairs of red color chiral emitters (R/
S)-95 and (R/S)-96 by combining chiral octahydrobinaphthol
and red TADF luminescent subunit. The chiral moiety suc-
cessfully induced the chirality of the molecules in the ground
and excited states, and the two pairs of chiral emitters
showed obvious mirror-imaged CPL properties. The glum
values of (R/S)-95 and (R/S)-96 are −4.6 × 10−4/4.0 × 10−4

and −1.4 × 10−3/1.9 × 10−3, respectively. Moreover, 95 and 96
showed obvious TADF properties, in which the ΔEST values
are 0.16 and 0.07 eV, and PLQYs are 92% and 89%, re-
spectively. The planar conjugation degree of the receptor
subunit of 96 is greater than that of 95, which led to the lower
LUMO level of 96 and the red shift of the emission wave-
length of 96 compared to that of 95. CP-OLEDs based on
(R)-95 and (R)-96 showed yellow and orange emission, re-
spectively. The maximum EQEs of the devices are 28.3%
and 20.3%, respectively. Obvious CPEL signals were also
detected in the devices based on the chiral emitters. The |gEL|
value of CP-OLED based on (R/S)-96 is 2.4 × 10−3, which is
higher than that of (R/S)-95 device (6.0 × 10−4).
In 2019, Cheng, et al. [303] reported two pairs of chiral

TADF molecules (R/S)-97 and (R/S)-98. It was found that the
chiral molecules all exhibited AIE and TADF properties,
while only (R/S)-97 showed mirror-imaged CPL properties
with glum values of −0.9 × 10−3 and +1 × 10−3, respectively.
Moreover, CP-OLEDs based on (R/S)-97 in neat films and
doped films were fabricated. Although these devices ex-
hibited high Lmax of 11,783 cd/m

2, the EQEmax of nondoped
devices were just 0.12%/0.22% for (R/S)-97 and 0.85%/1.8%
for (R/S)-98, respectively. The gEL values of the nondoped
and doped CP-OLEDs based on (R/S)-97 were −0.42 × 10−3/
0.58 × 10−3 and −0.9 × 10−3/1.0 × 10−3, respectively.
With indolo[2.2]paracyclophane as the chiral donor, Zys-

man-Colman et al. [325] synthesized a pair of chiral TADF
emitters (Rp/Sp)-99 (Figure 33). The emitters (Rp/Sp)-99 dis-
played sky-blue CPL (λem at 480 nm) with glum values of
−1.2 × 10−3 and 1.3 × 10−3, respectively. Although those
emitters were used to fabricate OLEDs and they displayed
sky-blue EL with EQEmax of 17%, their CPEL properties had
not been studied as well probably due to the racemization of
the chiral emitters at high temperatures during the fabrication
of devices. If problem of the racemization could be solved,
the TADF emitters based on planar chirality would be new
potential CPL materials for CP-OLEDs.

Recently, Chen’s group [326] proposed a chiral emitting
skeleton strategy for designing axial TADF enantiomers, and
thus fabricating CP-OLEDs with both high EQEmax and large
gEL values. Consequently, the enantiomers (R/S)-100 with
rigid chiral axis obtained by coupling two fluorophores ex-
hibited excellent TADF property with small ∆EST of
0.029 eV, short delayed fluorescence lifetime (12.6 μs) and
mirror-image CPL activity with |glum| of about 5 × 10−3.
Moreover, the axial enantiomer-based CP-OLEDs emitted
blue electroluminescence (λEL = 468 nm) with the EQEmax of
12.5% and 12.7%, respectively, and intense CPEL with gEL
values of −1.2 × 10−2 and +1.4 × 10−2, respectively. This
work not only represented the first blue CP-OLEDs based on
TADF enantiomers, but also provided a promising design for
chiral luminescent materials with both high efficiencies and
large glum values. A little later Zheng’s group [327] reported
one pair of axis chiral TADF emitters (R/S)-101 with one
phenoxazine and one carbazole as the donors. The highly
twisted molecular structure gave the emitters excellent
TADF properties, and their ΔEST was only 0.04 eV and
fluorescence life was 1.1 μs. Moreover, the PLQY was up to
86.1%, and the glum of (R/S)-101 in the doped film reached
−1.72 × 10−2 and 1.85 × 10−2, respectively. The EQEmax value
of CP-OLED based on the TADF enantiomer was 16.6%,
and it was accompanied by extremely low efficiency roll off.
In addition, the devices based on (R/S)-101 showed sym-
metrical CPEL signals, and the value of |gEL| was 4 × 10−3.
More recently, Chen et al. [328] also synthesized an axially
chiral TADF emitter (R/S)-103 with dual emitting core by
coupling two identical TADF emitters of 102. It was found
that (R/S)-103 with twisted rigid conformation displayed
smaller ΔEST (0.05 eV) and higher PLQY (74%) than those
(0.33 eV and 29%) of 102. Particularly, compared with that
(5.3%) of 102, the devices based on (R/S)-103 showed sig-
nificantly enhanced EQE (20.8%), which was also the
highest EQEmax based on the dual emitting core strategy so
far. Moreover, the enantiomers (R/S)-103 also exhibited
mirror-imaged CD and CPL properties, and their glum values

Figure 33 Structures of chiral TADF molecules (RP/SP)-99, axial TADF
enantiomers (R/S)-100, (R/S)-101, 102, and (R/S)-103 (color online).
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were +5.4 × 10−3 and −5.0 × 10−3 in toluene, respectively. To
our knowledge, (R/S)-103 were also the first chiral TADF
emitter with dual emitting core.
In 2020, Jiang’s group [329] designed and synthesized two

pairs of TADF enantiomers (R/S)-104 and (R/S)-105 based
on space charge transfer strategy (Figure 34). The asym-
metric carbon atoms in the molecules led to their central
chirality. The donor and acceptor of the two chiral molecules
were connected by the spirofluorene structure, and kept the
face-to-face conformation, so that space charge transfer oc-
curred between the donor and the acceptor, and the overlap
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) is
small, which leads to their TADF properties. The donor units
of 104 and 105 contain sulfur and oxygen atoms respectively.
It was found that this slight difference has a great influence
on their photophysical, PL and electroluminescence char-
acteristics. Due to the high PLQY (90%) and high exciton
utilization, 105 showed good electroluminescence perfor-
mance in the doped devices, and the EQEmax was as high as
23.1%. As a comparison, the larger sulfur atoms in 104 in-
troduced the heavy atom effect, which led to the distortion of
the main chain of the molecule and the extension of donor-
receptor distance. Therefore, 104 has a lower PLQY and a
faster non radiation attenuation rate. The results showed that
the EQEmax value of 104 in doped device is 12.5%, which is
far lower than that of the device based on 105. Because the
molecular structure distortion of 104 is higher than that of
105, the value of |glum| of (R/S)-104 (4.0 × 10

−3) almost twice
as much as that of (R/S)-105 (2.2 × 10−3). In addition, the
obvious CPEL signals were detected in CP-OLEDs based on
(R/S)-104 and (R/S)-105. The corresponding gEL values of
(S)-104 and (S)-105 were 1.30 × 10−3 and 1.0 × 10−3, re-
spectively.
More recently, based on the strategy of space charge

transfer, Zheng’s group [330] reported one pair of blue
TADF enantiomers (R/S)-106 with central chirality, in which
the donor of phenoxazine subunit and the receptor of sulfone
moiety was connected by the spiro-carbon centre. It was
found that the ΔEST of the enantiomers was 0.022 eV, and
PLQY in the doped film was as high as 81.2%. CP-OLEDs
based on (R/S)-106 showed obvious CPEL signals, and the
value of |gEL| was as high as 3.0 × 10−3, the maximum EQE
was 20.0%. In addition, the device could still maintain 19.3%
EQE at 1,000 cd/m2, suggesting a very low efficiency roll
off.
CP-OLEDs based on chiral fluorescent emitters could not

only successfully achieve the CPEL, but also have the ad-
vantages of long device lifetime, good stability and low ef-
ficiency roll-off. Moreover, chiral fluorescent molecules
with CPL activities are also cheap and easily available.
However, the devices based on fluorescent emitters usually
suffer low efficiencies for only 25% exciton utilization of the
fluorophores, and the low efficiencies of fluorescent CP-
OLEDs inevitably limit their practical applications. There-
fore, how to improve the efficiencies of fluorescent CP-
OLEDs is a key issue to be solved urgently. Recently, Chen’s
group [331] proposed a new strategy of TADF material
sensitized CPL for improving the efficiencies of fluorescent
CP-OLEDs. As a result, one pair of helicene-based en-
antiomers (P/M)-107 were synthesized. The enantiomers
with the rigid helical π-skeleton had highly thermal and en-
antiomeric stabilities, and they also showed excellent pho-
tophysical properties, especially, mirror-image CPL
activities with large |glum| value of about 6 × 10−3. Notably,
the CP-OLEDs with the helicene enantiomers as emitters and
a TADF molecule as sensitizer not only displayed better
performance of lower turn-on voltage (VT) of 2.6 V, four-fold
EQEmax of 5.3%, and lower efficiencies roll-off of 1.9% at
1,000 cd/m2, than those without TADF sensitizer, but also
exhibited intense CPEL with the gEL values of −2.3 × 10−3

and +3.0 × 10−3. Meanwhile, this also represents the first
thermally activated sensitized fluorescent CP-OLEDs with
markedly improved efficiencies and intense CPEL.
More recently, Chen’s group [332] reported a couple of

fluorescent enantiomers (R,R/S,S)-108, which are suitable
for the emitters of high-efficiency TADF-sensitized CP-
OLEDs. It was found that the enantiomers showed config-
urational stability, high PLQY of 98%, large kr of 7.8 ×
107 s−1, and intense CPL activity with |glum| value of about
2.5 × 10−3. Notably, by using matchable TADF sensitizer, the
enantiomers were then exploited as emitter to fabricate CP-
OLEDs. Consequently, the TADF-sensitized CP-OLEDs not
only showed mirror-image CPEL activities with gEL values
of +1.8 × 10−3 and −1.4 × 10−3, but also displayed fast start-
up featuring with low VT of 3.0 V as well as driving voltage
of 4.84 V at 10,000 cd/m2. Meaningfully, the TADF-sensi-
tized fluorescent device showed high EQEmax of 21.5% andFigure 34 Structures of chiral TADF emitters 104–108.
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extremely low efficiency roll-off, whose EQEs were 21.2%
and 15.3% at 1,000 and 10,000 cd/m2, respectively. This
result provides a promising perspective to break through the
EL efficiency limit of CP-FL emitters.
Although more and more TADF-based chiral materials

have been reported for fabricating CP-OLEDs with CPEL
properties in the past three years, this research area is still in
its infancy. The development of new TADF-based chiral
emitters with both high PLQYs and large g values will al-
ways be the particular focus and first target of this research
area. Moreover, new strategies for the efficient construction
of various CPEL materials with high EQE and large gEL
values need to be explored. Notably, the strategy for the
TADF-sensitized CP-OLEDs with fluorescent materials as
the emitters will attract increasing interest and become one of
the most important and hot topics in this research areas.
Developing new device structures, mechanisms and tech-
nologies of CP-OLEDs based on the chiral emitters will also
be very important for improving the device performances.
More importantly, how to achieve the practical applications
of CP-OLEDs in such as 3D displays, optical data storage,
and optical spintronics, as well as encryption and anti-
counterfeiting will be the challenge and ultimate goal. Un-
doubtedly, with the development of TADF-based chiral
emitting materials, the CPEL researches based on the
OLEDs are attracting more and more interest and becoming a
frontier and hot topic in the research area of luminescent
materials.

3.3 CP light photodetection

Traditionally, to distinguish the information in the CP light,
the light should first pass through a quarter-wave plate and
be changed to LPL. Then, the obtained LPL passes through a
polarizer with the known polarized direction and is detected
by an ordinary photodetector. However, this traditional
method contains complex optical components, which hinders
the miniaturization and integration of CP light detection
devices [333].
Chiral materials have a non-centrosymmetric structure

different from their mirror image and cannot overlap each
other, exhibiting a nonlinear optical response to CP light in
the CD spectrum. Chiral materials thus show great potential
for application in optoelectronic devices based on the po-
larization light. In recent years, chiral materials have been
attracted the attention of CP light detectors. In this section,
the chiral-materials-based CP light photodetectors are sum-
marized, including chiral organic-based CP light photo-
detectors, patterned inorganic nanostructure (metamaterial)
CP light photodetectors, and chiral organic-inorganic per-
ovskite CP light photodetectors. The progress, as well as the
strategies for promoting the performance of the CP light
photodetectors, are discussed in detail.

3.3.1 Principles for CP light photodetectors
The CP light response of the specific photodetectors comes
from the different responses of chiral materials to left-handed
CP (L-CP) or right-handed CP (R-CP) light. Usually, chiral
materials exhibit a unique optical response to the corre-
sponding CP light, which can be described by CD. Specifi-
cally, CD is defined as the difference in the absorption ability
for L-CP and R-CP light. Particularly, the anisotropy of CD
(gCD) can be derived from Eq. (2) shown in the Introduction
section. Therefore, when irradiated by different CP light, the
resulting photogenerated photocurrent in the chiral active
layer is different. As a result, the CP light can be dis-
tinguished as the per difference in the value of the device’s
output current. And the device performance can be evaluated
by the dissymmetry factor (gres), which is defined as Eq. (6):

g R R
R R= 2( )

+ (6)res
L R

L R

where RL and RR are the responsivities for L-CP and R-CP
light, respectively.

3.3.2 CP light photodetectors based on chiral organic
molecules
Chiral organic semiconductor materials have attracted great
attention in light detection applications due to their large
absorption coefficient and solution processability [334,335].
In addition, for chiral organic semiconductor materials,
electronic energy band structure and photoelectric properties
such as carrier transport ability can be adjusted through
reasonable chemical synthesis processes, making them pro-
mising materials for the active layer of CP light photo-
detectors. Generally, chiral organic materials used for the
active layer of CP light photodetectors can be classified as
chiral organic small molecules, chiral supramolecules, and
chiral conjugated polymers.
The study of the chiral organic small molecules for CP

light photodetectors began with the work of Fuchter and
Campbell et al. [336]. They demonstrated CP light-detecting
organic field-effect transistors (OFETs), using the asym-
metric purely chiral helicene 68 as the active layer (this
molecule which has been discussed in Section 3.1 for CP-
OLED application), have a highly specific response to CP
light (Figure 35a). Under a 365 nm CP light irradiation, the
drain current of the device was increased ten-fold, when the
spin direction of the CP light matches that of the helicene
molecule (Figure 35b, c). The obtained OFETs also show fast
and reversible switching under the time-dependent circularly
polarized photoresponse measurement, where a rise time of
2.6 ms close to the theoretical limit of sensitivity in these
devices was achieved. The inspiring optoelectronic perfor-
mance of the device stems from the large chiral spacing of
the helicene molecules giving them highly specific photo-
response and strong CD. In addition, the fully conjugated
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structure of this organic molecule is also essential for the
transportation of photogenerated carriers.
Although chiral helicene molecules exhibit potentials in

CP light detection, their electrical properties are strongly
impeded by structural distortion of these helical aromatic
rings, which reduces the dense stacking of solid-state film.
The disturbed π-conjugation is unfavorable for electron de-
localization. Besides, the helicene molecules usually only
show chiral optical response in the UVand near-blue region,
due to the small π-planes structure. To further improve the
electrical performance of helicene-based CP light detectors
and extend their applications in NIR light regions, Zhang et
al. [337] reported a backbone incorporation method to
combine the helicene with perylene diimide (PDI) posses-
sing high carrier mobility and electron affinity. The obtained
ortho-π-extended PDI double-[7] heterohelicene inherited
well the high chirality and electron mobility from two-parent

skeletons, and obtained NIR absorption and bipolar charge
carrier transport ability. The corresponding OFETs thus show
obvious and fast real-time photocurrent response with an
asymmetry factor gres of +0.010 and −0.009 under NIR CP
light irradiation (λ = 730 nm, 1,400 μW/cm2).
In addition to chiral small organic molecules, asymmetric

supramolecular nanostructures can also be applied for CP
light detection. Supramolecular nanostructures exhibit
shorter π-plane distances and larger π-plane overlap as well
as higher asymmetry factors than their monomeric analo-
gues, due to the inerratic and dense molecular stacking form.
Shang et al. [338] synthesized N,N′-bis-(1′-phenylethyl)
perylene-3,4,9,10-tetracarboxyldiimide (R/S)-109 as n-
channel semiconductors containing chiral substituents (Fig-
ure 35d). Through a simple liquid phase self-assembly pro-
cess, they prepared the chiral supramolecular nanowire
(Figure 35e). Due to the trap-free molecular stacking and the

Figure 35 (a) Molecular structure of the left- and right-handed helicene 68. (b, c) Response of (b) right-handed (+)-68 and (c) left-handed (−)-68 based
OFETs upon exposure to different CP light [336]. (d) Molecular structure of the two helically chiral forms of 109. (e) The self-sorting process in a mixed (S)-
and (R)-109 system [338]. (f) Molecular structure of the chiral polymer 110. (g) The architecture of the photovoltaic cell and characterization system.
(h) Circular selectivity in photocurrent generation (gsc) and short-circuit photocurrent (Isc) as the function of polymer thickness of 110 [339] (color online).
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high crystallinity nature in the nanowires of 109, the corre-
sponding OFETs have a lower charge carrier transport bar-
rier. In disordered films, the larger π-plane distance and less
π-plane overlap hinder the charge transfer. In addition, the
trap-induced charge carrier recombination in the amorphous
region reduces the exciton dissociation efficiency, which
further makes the devices exhibit a smaller exciton diffusion
length and separation charge mobility. In the self-assembled
supramolecular structures with high crystallinity, the chiral
center is transferred from chiral small molecules to ag-
gregates. The enhanced chirality of the supramolecular
structures thus helps to distinguish CP light detection.
OFETs based on 109 nanowire thus have much larger pho-
tocurrent variation under CP light irradiation than that of
random film-based devices.
Conjugated polymers are also promising candidates for CP

light detection, considering their extended large-π structures
provide excellent electric properties. In fact, the first in-
tegrated device used for CP light detection was a polymer
photodiode based on the poly(fluorene) copolymer 110
containing a chiral alkyl substituent (Figure 35f, g) [339]. In
this example, poly(fluorene) copolymer films were obtained
by alternating copolymerization of fluorene and di-thienyl
benzothiadiazole. The obtained film showed a significant
difference in the absorption under left-handed and right-
handed CP light. The absorbance circular polarization of a
130 nm thick film is about −0.055 when exposed to CP light
at 543 nm. The huge CD response of the film may be related
to the existence of the CLCs phase. CLCs phases exhibit
strong chiral selectivity due to the inherent periodic helical
structure, which can reflect CP light with the same spin di-
rection but absorb CP light with the opposite spin direction
[340]. Moreover, the magnitude and sign of the circular se-
lectivity of the generated photocurrent in the photodiode also
show a high dependence on the thickness of the active layer.
At a moderate active layer thickness (70–80 nm), the gres
reaches a maximum of ~0.007 (Figure 35h).
Conjugated polymer/chiral small molecule heterojunction

films offer a practical solution for achieving both chiral
amplification effect and good electrical properties. Kim et al.
[341] obtained chiral optically active semiconductor films by
mixing non-chiral polymer poly(3-alkylthiophene) (P3CT)
and a general-purpose chiral molecule 1,1′-binaphthyl–2,2′-
diamine (BN). In this hybrid film, chirality in small mole-
cules extends to the non-chiral conjugated polymer, since
that the intermolecular interactions between the two mate-
rials are an important chiral transfer mechanism [2]. The
controllable phase separation and crystallization process of
the mixture system also induces the formation of vertically
separated heterojunction with top BN and bottom P3CT/BN
mixture structure. The photoluminescence excitation results
show that after hybridization with BN, the energy state
density near the LUMO of P3CT increased, and two energy

levels closer to the energy level of the BN molecule are
newly generated. The electronic energy level reconstruction
in the hybrid film thus makes the energy transfer from BN to
P3CT more favorable. Photodiode using this hybrid hetero-
junction film was also fabricated. The device showed a
highly specific response to CP light, and achieved an average
gres of 0.1. Chiral induction of achiral polymers also de-
monstrated a novel method for enabling direct CP light
photodetectors of achiral organic semiconductors. Cheng et
al. [342] demonstrated that the chirality of the external light
source can induce circular polarization sense of the devices.
Thus, the circular polarization resolution of these OFETs is
achieved by external irradiation of the CP light instead of the
use of chiral additives.

3.3.3 CP light photodetectors based on patterned
inorganic nanostructures
Although CP light detectors based on chiral organic mole-
cules have been extensively studied, organic CP light de-
tectors still show limitations in many application scenarios.
Organic materials are commonly unstable under environ-
mental conditions; besides, response time and operating
wavelength of organic CP light detectors are also limited.
Inorganic materials thus show potential in the construction of
high-performance CP light detectors for their inherent sta-
bility and high carrier mobility. Generally, inorganic metals
or semiconductor compounds can achieve chirality by con-
structing asymmetric microstructures. Moreover, surface
plasmonic polaritons of chiral nanoparticles exhibit strong
electric magnetic resonances. Chiroptical effects were thus
enhanced due to the strong local electric-magnetic field in-
teraction [343,344]. For example, circular polarizers based
on 3D spiral nanowires have achieved CD up to 0.8 [345].
Therefore, patterning inorganic materials to form twisted
metamaterials has been demonstrated effective strategy for
preparing CP light photodetectors. Li et al. [346] reported a
silver (Ag) chiral periodic supramolecular array with a “Z”-
shaped unit cell (Figure 36a). The CP light detector based on
this chiral supramolecular array also contains a dielectric
spacer silicon (Si) layer, a poly(methyl methacrylate)
(PMMA) spacer layer and a reflective metal backplate
(Figure 36b). Under CP light irradiation, the chiral meta-
material absorbs specific chiral photons and generates high-
energy hot electrons over the Schottky interface, resulting in
detectable currents (Figure 36c). They also simulated the
selective absorption or reflection of CP light radiated on the
chiral metamaterial. They found that the left-handed chiral
metamaterial showed near-uniform absorption of left-handed
CP light while reflecting nearly 90% of the right-handed CP
light at the resonant wavelength (~1,340 nm). The resulting
CD signal thus reaches up to 0.9. The high CD further
contributes to the high CP light discrimination of the CP light
photodetector. Devices based on this chiral metamaterial
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achieved a photoresponsivity of 2.2 mA/W at the resonant
wavelength, corresponding to a quantum efficiency of
~ 0.2%, a double improvement in efficiency compared to
chiral OFETs (Figure 36d, e). This detector thus showed a
huge CP light photocurrent difference and a polarization
discrimination ratio (RL/RR) of 3.4 at 1,340 nm was achieved
(Figure 36f). Similarly, Peng et al. [347] demonstrated CP
light detectors based on chiral nanostructures with cen-
trosymmetric “Y” shaped gold (Au) antennae. Such highly
integrated photonic platforms simultaneously demonstrate
the great potential for CP light imaging and sensing appli-
cations.

3.3.4 CP light photodetectors based on chiral organic-
inorganic perovskites
In the early 2000s, Billing and co-workers [348,349] first
synthesized chiral organic-inorganic perovskite single crys-
tals. These chiral perovskites are composed of chiral small
molecules and inorganic-frameworks, and most of them have
1D or 2D crystal structures. However, the optical physical
properties of chiral perovskites have been systematically
studied until 2017. Ahn et al. [350] revealed that the pure 2D
perovskite with chiral organic cation (chiral-methylbenzy-
lamine, S-MBA and R-MBA) exhibited opposite CD signals,
depending on the configurations (R or S) of the enantiomers.
In contrast, the racemic organic cations in the perovskite
lattice did not induce the CD signal. In addition, the CD
signal can be tuned by the morphology, thickness, and or-

ientation of the film. The novel observation makes it possible
for perovskite CP light photodetector.
Organic-inorganic perovskites typically have better op-

toelectronic properties than organic semiconductors
[351,352]. Ma et al. [253,353] utilized chiral (MBA)2PbI4 to
fabricate CP light photodetector (Figure 37a, b), and
achieved a gres of 0.23. However, the large single crystal of
chiral (MBA)2PbI4 is difficult to grow. Besides, compared
with 3D perovskite, large exciton binding energy and rela-
tively poor carrier transport properties hinder the develop-
ment of pure 2D perovskite. To solve these problems, Wang
et al. [354] utilized a quasi-2D chiral (β-MPA)2MAPb2I7
(MPA: methylphenethylamine) film to fabricate CP light
photodetector. The optimized device can reach a gres of 0.2.
In addition, the film can be fabricated on a flexible PET
(polyethylene terephthalate) substrate, and exhibit negligible
degradation after 100 cycles of bending. However, the CP
light response spectral range and dissymmetry factor of the
current perovskite CP light photodetectors still need to be
improved. In addition to growing large single crystals, ar-
ranging chiral perovskites into an ordered array provides an
efficient method to improve the performance of photo-
detection technology, as has been demonstrated in Section
3.3.3. In this context, Hu, Zhao and co-workers [355] re-
cently fabricated large-scale single-crystalline nanowire ar-
rays of (S/R-MBA)2PbI4 through a micropillar template-
assisted capillary-bridge rise approach, which showed ex-
cellent optoelectronic performance with the light ON/OFF

Figure 36 (a) Schematic of the Ag chiral periodic supramolecular array. (b) Schematic layout of the integrated CP light detector. (c) Energy band diagram
and operating mechanism of the CP light detector. (d, e) Photoresponsivity spectra under different CP light illumination for CP light detector based on (d) left-
handed and (e) right-handed metamaterials. (f) Photocurrent polarization discrimination ratio spectra for CP light detector based on left- and right-handed
metamaterials [346] (color online).
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ratio of 1.8 × 104, responsivity of up to 1.4 A/W, and ani-
sotropy factor of 0.24 for photocurrent.
According to the previous report, due to the degenerate

transition dipoles coupling, the strongest CD signal usually
appears near the bandgap in the chiral perovskite. When the
component of chiral perovskite changed, the crystal and
electronic band structure will also change accordingly. Lu et
al. [356] studied the chiral-optical properties of Pb-Sn al-
loyed (R/S-MBA)2Pb1−xSnxI4 perovskites with different
chemical components. Particularly, with different Sn alloys,
the bandgap can be tuned from 2.31 to 2.52 eV, while the
chiral activity extended from 500 to 300 nm according to the
CD spectrum. Besides the Pb-Sn alloyed perovskite, the
structure of chiral molecules and alloying of halides can also
tune the chiral activity of the perovskite. Ahn et al. [357]
found that increasing the ratio of Bromide in the perovskite
can tune the chiroptical activity from 495 to 474 nm (Figure
37c). Further replacing the chiral MBA to chiral 1-(2-naph-
thyl)ethylamine (NEA), the CD signal can shift to 375 nm
(Figure 37d). In general, the bandgap and chiroptical activity
range of the perovskite can be easily tuned by the component
engineering, similar to the pattern size adjustment of the
inorganic metamaterial. The excellent CD performance gives
them great potential in CP light detection.
For chiral perovskites, their different responses to L-/R-CP

light may not only be ascribed to the difference in L-/R-CP
light absorbance. The anisotropic response may also result
from the inhomogeneous distribution of spin electrons due to

the chirality-generated orbital angular momentum [358].
And the experiment results indeed demonstrated that the
chiral perovskites have strong chiral induced spin selective
(CISS) ability, which can enhance the anisotropy factor of
the CP light photodetectors [359]. Therefore, some 1D per-
ovskites with helix crystal structure and large spin-orbital
coupling (SOC) were synthesized to fabricate the CP light
photodetector.
Chen et al. [360] utilized the large chiral cation MBA to

synthesize 1D (R/S)-MBAPbI3 perovskite. The perovskite
film exhibited a strong CD signal at 392 nm, as depicted in
Figure 37e. The calculated gCD (~0.02) of this 1D perovskite
is about three times higher than its 2D counterpart [(R/S-
MBA)2PbI4]. But the gres of (R/S-MBA)PbI3 is 0.1, which is
still lower than those of (R/S-MBA)2PbI4. Subsequently,
chiral NEAwas applied to synthesize the 1D perovskite (R/S-
NEA)PbI3 by Ishii et al. [361]. The CD signal at 395 nm
reached an amazing value of 3,000 mdeg, and the calculated
gCD (~0.04) was also twice of those of the (R/S-MBA)PbI3.
More importantly, as shown in Figure 37f, the RL/RR ratio is
25.4 (gres = 1.92), which largely surpasses the inorganic
metamaterials (usually < 4). This excellent performance may
promote the applications of perovskite materials in the field
of commercialized CP light detectors.
In this section, we have introduced the working mechan-

ism of the CP light photodetectors and summarized their
recent research progress. According to the composition of
the active layer, we divided the CP light photodetectors into

Figure 37 (a) The crystal structures of 2D chiral perovskite (R/S-MBA)2PbI4. (b) Spectral response of (R/S-MBA)2PbI4 based CP light photodetector [253].
CD spectra of (c) chiral (MBA)2PbI4(1–x)Br4x and (d) chiral (NEA)2PbI4(1–x)Br4x with different Br content [357]. (e) gCD spectra of the (R/S-MBA)PbI3 films
[360]. (f) J-V curve of (R-NEA)PbI3 CP light photodetector under L- and R-CP light at the wavelength of 395 nm, respectively [361] (color online).

2095Gong et al. Sci China Chem December (2021) Vol.64 No.12



three catalogs: chiral organic materials, inorganic meta-
structures, and emerging chiral hybrid perovskites. These
types of mainly studied CP light photodetectors demonstrate
impressive device performance. The wide sensing area, high
responsivity and large anisotropy coefficient make these
devices significant in many practical applications such as
quantum communication and computing, encryption, and
full stokes image. However, the development of CP light
photodetectors is remaining fresh and fascinating. New
materials with both high responsivity and large dissymmetry
factor and multifunction and long-term stable CP light de-
vices will receive increasing attention.

3.4 Recent advances in organic CP lasers and their
display applications

Organic lasers that can generate strong coherent emission
across full visible spectrum have attracted increasing atten-
tions since the first appearance in the 1960s [362]. The
combination of organic lasers with CP emission, which is
defined as organic CP lasers, would not only show great
promises in various applications ranging from optical com-
munication to 3D displays, but also provide a powerful tool
to investigate the chiral light-matter interactions. In this
section, we summarize the latest advances in the field of
organic CP lasers and corresponding applications in 3D
displays.

3.4.1 Organic CP lasers
The key requirement to achieve organic CP laser is the
combination of laser gain media and chiral environment. One
typical strategy to enable CP lasing is the intracavity con-
version from linearly polarized laser to CP laser by means of
optical retardation. In 2008, Nunzi et al. [363] realized dy-
namic CP lasing based on a reflection pumping configuration
by polarization modulation. By carefully controlling the in-
terference of CP pumped laser beams, the refractive index of
the dye-doped media was well-modulated and transient
chiral photonic distributed feedback gratings were obtained,
resulting in a CP laser emission output.
Another universal method to achieve CP laser through

optical retardation is the utilization of chiral nematic liquid
crystals as hosts for laser dyes [364–366], which has at-
tracted wide attention since first discovered by Kopp and co-
workers [367]. Due to their intrinsic twisting features, CLCs
can form supramolecular helical assemblages. When laser
dyes are encapsulated into the CLC media, the emission of
gain materials can be selectively reflected by CLC with
different circular polarization, and therefore CP laser emis-
sion can be achieved. In 2006, Furumi et al. [364] reported a
detailed study of the chiroptical properties of dye-doped
CLC laser systems. By tuning the ellipticity angle of the
excitation beam, low-threshold CP lasing was achieved,

which should be attributed to the collective effect of the
ground-state chiroptical effect of achiral laser dye originat-
ing from the Borrmann effect in CLC media and the partial
reflection of the obliquely incident light by CLC host.
Moreover, the physical parameters of the helicoidal su-

perstructures in CLCs, such as helical pitch length, helical
handedness and even the direction of the helical axis, can be
dynamically manipulated by external stimuli, which is pro-
mising for tunable CP lasers. Yuan et al. [368] reported dye-
doped CLC lasers with tunable wavelength and polarization
in 2019 (Figure 38a). In the predesigned specific photo-
responsive CLC system, reversible transformation of helical
liquid crystal arrangement, among the common helicoidal
helix, the special heliconical helix with different handedness,
was achieved by carefully applying electric field and light
exposure. This stimulus-directed diverse transformation in
CLC superstructures provides new insights to the relation-
ship between the nanoscale molecular interactions and the
optical properties of the self-assembled superstructures for
high-performance organic CP lasers. In addition to tradi-
tional CLC systems, strong CP laser emission was also re-
ported by employing environmentally-friendly cellulose
nanocrystals (CNCs) as chiral CLC media (Figure 38b)
[162]. Owing to the oriented self-assembly of the CNCs,
controlled chiral nematic structures as optical cavity were
achieved and strong CP lasing with a dissymmetry factor up
to 0.35 was further observed.
Although organic CP lasers based on optical retardation

have been successively reported, direct generation and am-
plification of CP lasing from intrinsic chirality of gain media
are extremely rare, which hinders the further investigation of
chiral light-matter interaction for advanced CP laser appli-
cations. In 2017, de la Moya and co-workers [369] reported
the direct CP laser emission from an enantiomeric couple of
BODIPY-type laser dyes (R/S)-111 (Figure 38c). In a trans-
versally pumped cavity configuration, laser emission at
575 nm with efficiency as high as 68% was observed, which
is the first demonstration of laser from any chiral compound
so far. Nevertheless, the dissymmetric factor of the emission
is too low to generate a detectable intrinsic CP laser signal,
which should be attributed to the weak chiral light-matter
coupling. Very recently, direct CP laser emission with high
dissymmetric factor up to 0.29 was reported by Chen’s group
[370] (Figure 38d). By exploiting green fluorescent proteins
and chiral biomolecules as gain materials, CP laser emission
with two-order enhanced dissymmetry factor was demon-
strated. Further studies discovered that the lasing dis-
symmetry factor is mainly determined by the molecular
circular dichroism at lasing wavelength and this chirality
enhancement reaches its maximum when the pump energy is
near the lasing threshold. These results demonstrate that
more information of chiral light-matter interactions can be
revealed through the stimulated emission process, which not
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only provide more comprehensive insights into the chiral
excited-state processes, but also promote the developments
of advanced photonic devices.

3.4.2 3D displays based on organic CP lasers
Because of their capability to provide more abundant in-
formation to viewers than those in two-dimensional regime,
3D displays play an important role in modern display tech-
nologies [371], which is generally realized through linear-
polarization-multiplexed approach. Direct emission of CP
light could reduce perceived distortion and enhance contrast
ratio of 3D displays [372], but the visual experience is lim-
ited due to their broadband emission. CP lasers allow for the
implementation of 3D displays with wide color gamut, high
saturation and so on, which therefore becomes an important
branch of 3D displays. Very recently, Zhao et al. [373] re-
ported the proof-of-concept full-color 3D laser displays
based on chiral RGB microlaser arrays (Figure 39). The
display panels were fabricated through microtemplate-as-
sisted inkjet printing, comprising two sets of RGBmicrolaser
pixel arrays with opposite CLC handedness. Benefiting from

the intrinsic chiral superstructures of CLC matrix, ultrahigh
circular polarization degree of the laser emission up to 1.6
was achieved, and stereoscopic images would be generated
in viewer’s mind by fusing together the two images with
orthogonal CP laser emissions acquired by one’s left and
right eyes. These results offer a promising strategy for the
development of self-emissive 3D laser displays and other
lighting devices.

4 Summary and outlook

Intensive CPL research in the past decade has created ex-
traordinary insights into photophysics, chemistry, and ma-
terials, while also launched applications in chiral photonics
and electronics devices. As highlighted in the review, the
electronic and magnetic transition dipole moments depend
on the molecular structures of individual components as well
as their aggregated structure. The CPL activity can be ob-
tained from the intrinsic chirality of emissive materials, the
chirality transfer or amplification chiral aggregates, or the

Figure 38 Latest advances in organic CP lasers. (a) Wavelength and polarization tunable CP lasing from the heliconical superstructure [368]. (b) Illustration
of CNCs-based CP laser emission. SB = stilbene 420 [162]. (c) Laser emission polarization state parameters of chiral BODIPY dyes as a function of pump
energy for a linear vertical pump polarization [369]. (d) CP lasing characteristics of fluorescein binding with chiral molecule in microcavity [370] (color
online) (color online).

2097Gong et al. Sci China Chem December (2021) Vol.64 No.12



symmetry breaking of achiral chromophores. The CPL
stemming directly from the intrinsic chirality of the system
(molecules or their supermolecular structures) was sig-
nificantly enhanced by rational molecular design and effi-
cient synthesis, which could also be adjusted by interaction
with cations and light irradiation and upon pH and solvent
change. Combining chiral moieties with emerging materials,
such as AIEgens, MOFs, metal clusters, perovskites, and
TADF chromophores, enriches CPL-active materials with
promising properties. In addition, single- or multi-compo-
nent assembly has become an established method to optimize
emission efficiency and CPL activities simultaneously.
Despite the remarkable progress in this field, several

challenges are still impending. Firstly, due to the tradeoff
between the emission efficiency Φ and luminescence dis-
symmetry factor glum, it remains challenging to develop CPL
materials with both high factors. From the point of view of
chiral emitters, the concept of ACQ and AIE has been greatly
developed and researchers can more easily design chiral
materials showing CPL activity. In addition, due to the trade-
off between Φ and glum, it becomes difficult to evaluate the
comprehensive performance of CPL-active materials. For
this reason, a number of new indicators have been proposed.
Tang and Niu et al. [374] proposed the product of Φ and glum
as a figure of merit (FM) for the evaluation of CPL perfor-

mance (Eq. (7)). Considering that FM could not intuitively
reflect the degree of energy loss, Zhao and Huang et al. [198]
proposed the asymmetric quantum efficiency (φa) to evaluate
the CPL performance, which was defined by the ratio of the
left- or right-CPL light intensity (IL or IR) to the incident light
intensity (I0) (Eq. (8)). In addition, a brightness indicator for
CPL (BCPL) was proposed by Zinna et al. [17] according to
Eq. (9), in which ελ is the molar coefficient measured at the
excitation wavelength. However, the applicability and gen-
erality of these indicators remain to be explored.

gFM = × (7)lum

I I I I= /   or  = / (8)a L 0 a R 0

B g= × × /2 (9)CPL lum

Secondly, symmetry breaking of achiral molecules may
not only provide CPL-active materials with reduced costs but
also gain insights into the origin of molecular homochirality.
Unfortunately, only limited examples are known to date and
most of them were discovered by experimental serendipity in
the beginning. It would be of high interest to develop general
molecular frameworks or external conditions (e.g., vortex
mixing) for symmetry breaking with controlled handedness.
Thirdly, chirality transfer has been fully used in developing

CPL-active materials, and the handedness inversion and/or
the CPL sign inversion were reported in a considerable
amount of examples. It is now in the sophisticated stage by
further design and control of energy transfer modes, in-
cluding Förster resonance energy transfer, radiative energy
transfer, and photon upconversion, to amplify the glum value.
However, the mechanism of the underlying chirality transfer
or inversion has not been fully understood, which could be
probed by in-situ spectroscopic and imaging characteriza-
tions on specific dynamic assembly processes with high
time- and space-resolutions. More importantly, a theoretical
understanding of the phenomenon on the excited-state chiral
system is in urgent need.
Fourthly, although some representative CPL applications

have been discussed here, these investigations are still in
their infancy. Photonics and electronics applications would
require CPL from a solid-state sample or thin-film, implying
the necessity to induce aggregation into ordered dissym-
metric structures upon thin film deposition, accompanying
the requirement for accurate microscopic solid-state mea-
surement. It has long been theoretically surmised that a
single chiral molecule or molecular assembly showed ani-
sotropic CPL. However, the regular CPL measurements
usually get the averaged value at the larger aggregate scale,
which will lose much more intrinsic information on the
electronic states of the molecule. Thus, developing a mi-
croscopic study of spatially resolved CPL on the level of
single-molecule or aggregate is attractive. In addition, the
CPL activity could be influenced by phase retardation or the

Figure 39 CLC-based 3D laser displays [373]. (a) CP lasing from the
RGB CLC microunits. (b) Full-color 3D laser displays based on CP lasing
(color online).
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optical effect occurring on the optical path between the
emitter and the sample substrate. Further explorations and
effort should be greatly devoted. We hope that the present
work will help to further seed and stimulate the research area
of CPL-active materials.
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