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Circularly polarized luminescent (CPL) materials have garnered

tremendous attention owing to their expanded optical properties beyond
emission wavelength and intensity. Among these, the emerging circularly
polarized organic ultralong room-temperature phosphorescence (CP-OURTP)
materialsdemonstrating elegant and distinct features are of significant
importance for their extended emission lifetime, which represent a novel
frontier in research with promising scientific and technological applications
across diverse fields. This review systematically outlines the traditional
strategies to achieve CP-OURTP including organic crystals, copolymerization,
host—guest doping, a combination of the copolymerization and

host-guest doping, spinning and twisting technology, and supramolecular
polymer assembly. Importantly, the recent significant progress of CP-OURTP
in the chiral soft materials, such as liquid crystals (LCs) involving lyotropic
LCs (cellulose nanocrystals, CNCs) and chiral thermotropic LCs (cholesteric
LCs and chiral LC elastomers), is showcased. Finally, the practical applications
of CP-OURTP materials are summarized, and the review concludes with the
perspectives on the current challenges and future opportunities for CP-OURTP
materials. This review aims to inspire the further innovations in the fabrication
of advanced CP-OURTP materials and enrich their promising applications.

1. Introduction

to biology, physics, material sciences, and
medicine.'1% As one of the most fascinat-
ing occurrences, chirality is a ubiquitous ge-
ometric characteristic across various length
scales from the galaxies to the conformation
of molecules.[''1%] [dentified in the separa-
tion of tartaric acid crystals by Louis Pasteur
in nineteenth century,'®! chirality refers to
an object or a chiral point group whose mir-
ror image cannot be superimposed on their
mirror images by any translation or rota-
tion, a concept understood through the ab-
sence of mirror symmetry.'’* The fabri-
cation of chiral nanomaterials has garnered
considerable attention in areas of life sci-
ences, sensors, and catalysis, owing to their
outstanding optical activities.[’] The widely
used techniques for testing chirality are op-
tical methods, such as circular dichroism
spectroscopy that is applied to measure dif-
ferent absorption toward left-handed circu-
larly polarized light (LCP) and right-handed
circularly polarized light (RCP).26-32 Cir-
cularly polarized luminescence (CPL) spec-
troscopy is performed to measure the differ-
ent emission of LCP and RCP.[1333-40]

Chiral functional materials featuring distinct CPL characteris-

Chirality is omnipresent in living matter, which is of paramount
significance in multidisciplinary fields ranging from chemistry

tics have attracted significant interest in advanced applications
in 3D displays, optical storage devices, information and data
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storage, organic light-emitting diodes (OLEDs), and biological
imaging.*!l CPL refers to the phenomenon that chiral lu-
minescent systems emit LCP and RCP with different intensi-
ties under the excitation of light source, reflecting the chiral-
ity of an object in an excited state.’>>3] In particular, CPL ex-
hibits left- or right-handed characteristics that can provide an ad-
ditional dimension of information with regard to regular light.
The CPL characteristic of a molecule can be assessed by the lu-
minescent dissymmetry factor (g,,,), described by the equation:
Gum = 2 X (I—I})/(I;+1y), in which I, and I; refer to the in-
tensity of LCP and RCP, respectively.36°%54611 g values are
in the range between —2 and +2, where the positive signal in-
dicts larger intensity of LCP than that of RCP and vice versa.
Zum = *2 indicates a total L- or R-CPL emission, while g, =0
signifies the unpolarized luminescence.’3! Traditionally, the ef-
fective approaches for achieving CPL-active materials include chi-
ral organic small molecules,®?! aggregation-induced-emission -
active aggregates,3*l supramolecular assembly, (%% liquid crys-
tal (LC) templates, %668 CPL-active polymers,[®7% LC metal-
organic frameworks,’!! inorganic nanomaterials,’! and photon
upconversion systems.”>77] With advancement in CPL materi-
als, the applications of CPL-active materials are emerging as a
burgeoning field in optoelectronic devices, and multiplexing con-
fidentiality for encoding and encrypting multilevel data.[*>5278-88]

When an electron absorbs energy and transitions from the
ground state (S,) to the excited singlet state (S,), fluorescence
occurs if the electron returns directly to S, from S;, and this
transition between S, and S, is spin-allowed. Phosphorescence
is a distinct photophysical phenomenon, where the intersystem
crossing (ISC) from S, to T, is required. This ISC process is spin-
forbidden and is typically promoted by the mixing of singlet and
triplet states with different molecular orbital configurations.®!
Unlike fluorescent materials, phosphorescent materials have the
characteristics of large Stokes shift and prolonged afterglow
emission, with lifetime often up to microseconds or seconds.!®’!
Thermally activated delayed fluorescent (TADF) materials, on the
other hand, can be achieved by minimizing energy gap between
the singlet and triplet levels.®®! Accordingly, materials can uti-
lize both singlet and triplet excitons for light emission via re-
verse intersystem crossing (RISC) process from T, to S;, re-
sulting in delayed emission. After all, the singlet excitons gen-
erated decay rapidly, yielding fluorescence. Two triplet excitons
can combine to form a singlet exciton via triplet—triplet annihi-
lation, enabling delayed fluorescence, while the direct radiative
decay of triplet excitons leads to phosphorescence.®!l Recently,
considerable endeavors have been dedicated to the investigations
of room temperature phosphorescence (RTP) materials due to
their ultralong-lived excited states,[°>] enabling the long last-
ing emission from seconds to several hours after stoppage of the
excitation.[**191] RTP materials exhibit the distinct attributes, in-
cluding large Stokes shifts,[19219] prolonged emission,[!**] and
advantageous processability,'®! which offer unprecedented ad-
vantages in various fields such as biological imaging, OLEDs, and
security protection.[”"1%-117] RTP occurs upon the excitation of
triplet states through the efficient ISC and the afterglow can per-
sist for a while at room temperature once the excitation source
is switched off. In order to attain efficient RTP, two prerequi-
sites are essential: 1) the triplet excitons should be effectively
populated to accelerate the ISC between singlet and triplet ex-
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cited states. 2) The nonradiative transitions are suppressed while
the radiative transitions are enhanced from the excited T, to the
S,-[118-1211 The well-known RTP has been considered as a typical
feature of inorganic and organometallic traditional metal-based
complexes, but is plagued by the intrinsic limitations of poor pro-
cessability, instability, high cost, limited resources, and poten-
tial toxicity that hinder its practical applicability.[!22-124] There-
fore, organic RTP materials have emerged as extensively uti-
lized alternatives in phosphorescent materials, offering advan-
tages such as environmental friendliness and ease of modifica-
tion. Proverbially, organic RTP materials, enabled by crystalliza-
tion aggregation,[101114125-128] empbedding of organic phosphors
into polymer matrix!1213% or host-guest doping,*'-134] have re-
ceived extensive attention as a cutting-edge research field.[**]
Specifically, RTP polymers not only exhibit the outstanding char-
acteristics such as excellent flexibility, low cost, good processabil-
ity, and high thermal stability,[***-140] but also provide rigid matri-
ces to inhibit nonradiative decay process, resulting in phospho-
rescent emission. ']

Researchers from multidisciplinary fields have dedicated their
efforts to exploring RTP materials featuring chiral architectures
for a wide range of applications. The integration of chirality
with organic RTP has established numerous sophisticated func-
tional materials with circularly polarized phosphorescence (CPP)
performance,['*11*21 which can be applied in information storage,
3D optical displays, and anti-counterfeiting devices.3*142-145] De-
veloping the cutting-edge fields of ultra-dissymmetric CPP ma-
terials requires the judicious design of molecular structures, !
which are essential to satisfy the requirements of practical appli-
cations. Typically, there are two main approaches for fabricating
CPP materials. One approach involves utilizing building blocks
that exhibit both RTP characteristics and chirality, while the other
approach requires co-assembling achiral RTP emitters with chi-
ral materials. Due to significant advancement in CPP materials,
there is a necessary for a comprehensive review article that is ex-
pected to invigorate and facilitate the further progress in this spe-
cialized research field.

While there have been numerous excellent reviews concen-
trating on the molecular design, self-assembly, and applications
of CPL-active materials,>13%147-151] to the best of our knowl-
edge, there has never been such a review that systematically em-
braces the flourishing topic of circularly polarized organic ul-
tralong room-temperature phosphorescence (CP-OURTP, life-
times over 0.1 s)13215] materials, and particularly the recent
progress in chiral soft materials have been unraveled. We believe
that it is of paramount need for an easy-to-access introduction
of CP-OURTP materials. In this review, we provide a state-of-
the-art account on the recent advancement in the persistent CP-
OURTP materials emphasizing on the design approaches, fun-
damental principles, and potential technological applications. As
shown in Figure 1, we mainly concentrate on traditional strate-
gies for enhancing CP-OURTP, such as through organic crys-
tal aggregation, copolymerization, host—guest doping, the com-
bination of copolymerization and host-guest doping, spinning
and twisting technology, and supramolecular systems based on
the well-established understanding of RTP mechanisms, and the
extensive investigations of the luminescent system design, per-
formance enhancement, and potential applications. In addition,
the more sophisticated CP-OURTP systems with high g in
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Figure 1. Schematic of circularly polarized organic ultralong room-temperature phosphorescence (CP-OURTP) materials fabricated by traditional
strategies and new strategies based on thermotropic chiral liquid crystal (LC) templates and lyotropic LC templates and their applications.

chiral soft matter systems, including lyotropic cellulose nanocrys-
tals (CNCs) and thermotropic chiral nematic LCs (i.e., cholesteric
LCs and chiral LC elastomers) are discussed. Chiral soft materi-
als, such as cholesteric LCs, can selectively reflect circularly polar-
ized light due to photonic bandgaps (PBGs), enabling cholesteirc
LCs (CLCs) to reflect light of the same handedness as the he-
lix of helicoidal superstructure, while transmitting the opposite
handedness. Consequently, CLCs are regarded as an exceptional
medium for constructing CPL-active materials with g, values
that are two orders of magnitude greater than those achieved with
traditional methods. We next highlight the practical applications
of CP-OURTP materials, which hold great potential for further
development of the next-generation advanced CP-OURTP mate-
rials in encryption display technologies. Finally, this review con-
cludes with a perspective on their applications, the current chal-
lenges, and further opportunities for the high-performance CP-
OURTP materials endowed with exceptional photophysical fea-
tures. Itis anticipated that this review will aid in the construction
and advancement of the novel CP-OURTP materials.

2. Traditional Strategies for Generating CP-OURTP

Organic RTP has experienced rapid growth due to its ex-
tended emission lifetimes and diverse excited-state characteris-
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tics, that holds great potential in the fields such as informa-
tion anti-counterfeiting, displays, and bioimaging. The major-
ity of excellent persistent luminescent materials are confined
to inorganic phosphors. However, metal-based luminescent ma-
terials frequently encounter challenges such as high prepa-
ration conditions, which obstruct their development in prac-
tical applications. Some endeavors have been made to over-
come these limitations by seeking for new substitutable materi-
als. Various approaches for RTP materials including crystal ag-
gregation, supramolecular self-assembly, and host—guest have
been proposed to enhance the efficiency of the ISC and sta-
bilize triplet excitons at room temperature, resulting in high-
quality organic RTP materials. Despite significant progress have
been made in designing and synthesizing organic RTP ma-
terials with prolonged lifetimes, high luminescent efficiencies
and quantum yields, emission color tunability, and stimuli-
responsive emission properties, there have been rare investi-
gation of organic RTP materials that exhibit CPP characteris-
tics. As such, the ongoing development of organic RTP materi-
als that possess both long lifetimes and CPP characteristics re-
mains a significant challenge. Nonetheless, CP-OURTP mate-
rials have emerged as one of the promising candidates in con-
temporary research for expanding the horizons of optical signal
dimensionality.
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Figure 2. a) Long-lasting luminescence emitted by terephtalic (R/S)-phenylethyamine (TPA-(R/S)-PEA). Reproduced with permission.[”°] Copyright 2018,
John Wiley and Sons. b) Constructing photo-activable CP-OURTP molecules. Reproduced with permission.[’>¢] Copyright 2020, John Wiley and Sons.
c) Schematic diagram for generating color-tunable circularly polarized organic afterglow (CPOA) and molecular design for CPOA with tunable colors.

Reproduced with permission.['6] Copyright 2022, Springer Nature.

2.1. CP-OURTP Based on Organic Crystals

Long-lived phosphorescence can be achieved in the chiral organic
ionic crystal system. Duan, Liu, and co-workers!'>*! achieved CP-
OURTP in chiral organic crystals by designing and incubating
terephtalic (R/S)-phenylethyamine (TPA-(R/S)-PEA) (Figure 2a).
In such system, the luminescence was produced through the
intermolecular charge-transfer excitons. The remarkable long-
persistent phosphorescence occurred due to the planar tereph-
thalic acid (TPA)molecules adopting a twisted conformation,
which was fixed by the crystallization process, thereby generat-
ing the restricted chiral environment. Upon the irradiation of ul-
traviolet (UV) light, the crystals showed the sapphire emission.
However, the emission color gradually turned to greenish and
persisted for several seconds after ceasing the irradiation of UV.
As a result, the long persistent phosphorescence was realized
through the rigid structures of TPA-(R/S)-PEA crystals by effi-
ciently reducing the non-radiative decay of triplet excitons. Chen,
Huang, and co-workers!”’! developed a stimuli-responsive single-
component CP-OURTP molecular system in a solid state by co-
valently bonding an achiral phosphor to the chiral ester chain
(Figure 2b). The flexible chiral ester enabled the chirality trans-
fer to the carbazole, which functioned as both the chiral unit
and the conformation regulator, resulting in the efficient control
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of the molecular arrangement and successful aggregation cou-
pling upon external stimulus. It should be noted that the exis-
tence of heteroatoms in the carbazole luminous phosphor, can
logically stabilize the triplet excitons through the ISC and in-
hibit the non-radiative decay by H-aggregation.['*®] Simultane-
ously, the molecule’s regulation was predominantly influenced
by the conformation control of the chiral ester chain during the
photo-irradiation treatment for robust aggregations, leading to
the stimuli-responsive CP-OURTP with g, 0f 2.2 x 1073, and a
lifetime over 0.6 s. These findings provide an efficient roadmap
for fabricating the advanced functional CP-OURTP materials
with potential applications in organic optoelectronic and lifetime-
resolved device applications.

Multicolor CPL materials with remarkable stimuli-responsive
attributes, exhibit great potential as emissive media for stereo-
scopic displays and optical marker recognition.!*>”:18] Multicolor
CPL emissions can be achieved within multicomponent ma-
terial systems through the diverse design strategies, such as
supramolecular assembly, excited state modulation by chemical
additives, and structural color change enabled by solvation
effects, etc.1970159-162] However, the afterglow emission colors
of circularly polarized organic afterglow (CPOA) materials have
been limited to fixed colors under ambient conditions, mostly
in yellow or yellowish green. Thus, developing CPOA materials
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Figure 3. a) Design strategy of circularly polarized phosphorescence (CPP) copolymers. Reproduced with permission.['®7] Copyright 2021, American
Chemical Society. b) Preparation of the amorphous polymer R-BPNaP. Reproduced with permission.l'8° Copyright 2021, Elsevier.

with tunable multicolor emission remains a daunting challenge
owing to the complex chirality transfer between RTP and the
chiral units for producing CPL, together with the inefficient
manipulation of the multicolor emission of RTP, particularly
within a single molecule. CPOA materials, possessing both
excellent CPL characteristics and ultralong-lived triplet excited
state of RTP, have garnered considerable attention due to their
remarkable photophysical properties and their potential for nu-
merous remarkable applications.[171%5] Chen, Zheng, Huang,
and co-workers!'%¢ achieved the multicolor-tunable CPOA by in-
troducing a chiral center into single-component non-conjugated
organic cluster through chiral clustering (Figure 2c). Concretely,
the single-component chiral cluster crystal demonstrated the
clusterization-triggered emission via through-space conjugation,
enabling the color-tunable afterglow due to the existence of
different cluster sizes in the luminescent centers. In addition,
the non-conjugated chiral cluster was made of a pair of the
enantiomer, consisting of chiral trans-1,2-diaminocyclohexane
and two succinic acid groups (R, R)-DAACH and (S, S)-DAACH.
In such system, one-step amidation reaction occurred between
trans-(1R, 2R)/(1S, 2S)-diaminocyclohexane and succinic anhy-
dride. The non-conjugate clusters demonstrated the emission
properties dependent on the sizes of the clusters, that is, color-
tunable organic afterglow emission can be tailored by varying the
cluster sizes. As a result, emission colors from blue to yellowish
green can be observed with a lifetime of 587 ms and g, over
2.3 x 1073 under the irradiation of different UV wavelengths. The
on-demand multicolor CPOA with color-tuning features provides
significant insights into the further development of CP-OURTP
materials.
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2.2. CP-OURTP Based on Copolymerization

Numerous CP-OURTP materials have been developed by re-
stricting the chiral molecule motions in the crystalline state.
However, the limited flexibility of crystalline materials has
prompted to the investigation of superior strategies for obtain-
ing CP-OURTP materials. Polymer-based RTP materials have
emerged as promising solutions to address this challenge due
to their benefits including excellent stretchability, processabil-
ity, and reproducibility. Therefore, there is a strong demand
to enhance polymer-based CP-OURTP materials for practical
applications in displays, data encryption, biological imaging, etc.
Zhao, Huang, An, and co-workers!'’] introduced a convenient
and versatile method for achieving CP-OURTP materials from
amorphous copolymers, by incorporating the axially chiral
chromophores into the rigid polymer chains through radical
cross-linked polymerization. The obtained copolymers of (R/S)-
PBNA exhibited a g, value of 9.4 x 1073, and a high efficiency
of 30.6% (Figure 3a). The polymer matrix polyacrylic acid (PAA)
could not only enhance the ISC to promote the formation of
triplet excitons owing to its abundant carboxylic groups, but
also was able to stabilize the molecular motions and reduce
the nonradiative decay. It is worth noting that the axially chiral
binaphthol derivatives!'%! were covalently bonded to the polymer
chains to achieve CP-OURTP. These findings not only establish
the formidable platform for fabricating the novel amorphous
polymers with CP-OURTP attributes but also broaden the range
of RTP materials. Additionally, Ma and co-workers!'® achieved a
pristine amorphous polymer, R/S-BPNaP, by combining the at-
tributes of both CPL and RTP through radical copolymerization
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of two components containing the binaphthyl derivatives and
acrylamide (Figure 3b). The presence of the S=O double bond
in SO3~ facilitated the spin—orbit coupling, enhancing the ISC
process; the existence of hydrogen bond networks between ion
cross-linking networks and polyacrylamide polymer chains could
restrict molecular motions, thus diminishing the non-radiative
deactivation. Moreover, the intermolecular heavy atom effect
induced by bromine (Br) from hydrogen bromide (HBr), served
to enhance the intensity of RTP. Thus, a controllable responsive
switching RTP with g, of 0.84 x 10~* was achieved, which
offered a versatile approach to designing CP-OURTP materials.

2.3. CP-OURTP Based on Host-Guest Doping

Encapsulating a chiral emitter into a solid matrix is an efficient
approach to achieve CPP. Organic RTP materials have currently
been developed by employing diverse strategies, including lever-
aging heavy atom effects, hydrogen, or halogen bonding, etc.
While significant progress in organic RTP materials with CPL
has promoted the widespread applications of luminescent ma-
terials in technology. The versatile approach to attach axial chi-
ral phosphors to polyacrylamide chains for achieving CP-OURTP
emission in an amorphous state as mentioned above, has limita-
tions in the responsiveness and sensitivity to various stimuli. To
overcome these disadvantages, Ma, Tian, and co-workers!'7% have
modified the rigidification of polymer network to accurately con-
trol the photoresponsive behaviors by uniformly distributing chi-
ral polyacetylenes into the polymethyl methacrylate (PMMA) ma-
trix through the copolymerization of phosphor BrNpA and chiral
phNA (Figure 4a). The resulting helical system played the crucial
role for the transmission of circularly polarized light and demon-
strated distinctive optical properties with g . up to 0.019, respec-
tively. Meanwhile, UV irradiation triggered the dynamic chiro-
optical functionality due to the oxygen consumption of the films,
enabling the precise and remote control of CP-OURTP with re-
markable advantages, such as wireless operation, fatigue resis-
tance, and contactless manipulation. In contrast to the single-
component systems, the approach of host—guest doping offers
a viable approach to fabricating CP-OURTP materials with tun-
able emission. The distinctive materials with dynamic attributes
can be employed in anti-counterfeiting applications, especially
those involving photo programmability. Vacha and co-worker!17!]
realized CP-OURTP with long-enduring emission characteris-
tics in chiral binaphthyl structures by incorporating enantiomers
of N, N’'-dimethyl-1,1’-binaphthyldiamine (DMBDA) binaphthyl
into a f-estradiol-based amorphous hydroxylated steroid matrix
(Figure 4D). In this blend system, the yellow persistent RTP can
be detected with a quantum yield of 2.3%, a g, of 2.3 x 1073,
and a lifetime of 0.67 s.

He and co-workers!'7?] developed an efficient strategy to
achieve strong CP-OURTP from a separable bidibenzo(b, d]furan
scaffold (R)-1, which was accomplished through kinetic resolu-
tion reaction. As a result, incorporating the bidibenzo[b, d] furan
scaffold (R)-1 into a rigid polyvinyl alcohol (PVA) matrix!'7? re-
sulted in a significant g, value of 0.12 and an extended life-
time of 0.56 s (Figure 4c). Specifically, PVA was selected as a
versatile host predominantly due to its abundance of hydroxyl
groups, which were able to constrain inter-/intramolecular mo-
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tions through hydrogen bonding, and confine the phosphors
within a rigid polymer matrix, thus decreasing nonradiative path-
ways and improving the g in the axial chirality of bidibenzo(b,
d] furan. This study provides important impetus toward the
design and fabrication of CP-OURTP materials for achieving
the enhanced circularly polarized emission in small organic
molecules. Xing and co-workers!'’# introduced a host-guest
strategy with both fluorescence and phosphorescence features
dependent on the excitation wavelengths of the host, enabling
an efficient UV-light detection (Figure 4d). The direct bonding of
naphthalimides to chiral segments triggered the supramolecu-
lar chirality, which facilitated the chirality transfer and amplifica-
tion. Interestingly, when the excitation wavelengths were lower
than 320 nm, incorporating tetracyanobenzene as the host ma-
trix resulted in red CP-OURTP with g, ranging from 1.0 x 10~3
to 5.0 x 103 due to the ISC between tetracyanobenzene and
chiral compound. Excitation wavelengths above 320 nm led to
the predominant blue fluorescence with deactivated CP-OURTP.
This excitation wavelength-dependent CP-OURTP material ex-
hibited a discernible red-blue change together with the activa-
tion and deactivation of RTP, allowing for an intelligent regu-
lation of the activation/deactivation of CPP state and UV light
detection. This study introduces a robust method for achieving
dynamic color-tunable and UV light-detectable CP-OURTP ma-
terial, which opens up new opportunities to broaden the appli-
cability of CP-OURTP materials for various applications. Li, Xie,
and co-workers(!”*) employed a chiral perturbation method by in-
corporating chiral binaphthol with a phenoselenazine derivative
in polystyrene (PS) film to produce CPP, which displays a g,
value and RTP lifetime up to 9.32 x 10~ and 40.0 ms, respec-
tively. The PS film’s high sensitivity to oxygen and temperature
allows for the tunable emission colors, transitioning from green
to off-white and blue under different conditions. The emission
pattern can be adjusted by altering afterglow time with differ-
ent hosts or changing UV irradiation time to obtain deep blue
circularly polarized fluorescence (CPF) and green CPP, respec-
tively. Moreover, the CPP property can be applied for decoding
encrypted information using right- and left-handed polarizers.
CP-OURTP materials with tunable emission colors are highly
desirable in optoelectronic applications. Although the host-guest
doping is a versatile and universal choice for constructing CP-
OURTP materials with rich phosphorescence properties, the re-
sulting doped materials encounter limitations in accommodat-
ing a variety of guests with different luminescent properties.
Huang, Tao, and co-workers('7®! have developed a doped CP-
OURTP system with different afterglow colors of green, yellow,
and red, respectively, which was achieved by integrating chiral
amides into phenanthrene, phosphors-naphthalene, and pyrene
monomers with R and S configurations as guests, and polyvinyl
pyrrolidone/PVP(Y”7] as the host (Figure 5). The phosphores-
cence in CP-OURTP system primarily originated from three
guests, with the phosphorescence lifetime from 341 to 1017 ms
(Figure 5c¢), and g, ranging from 0.001 to 0.0021. As the excita-
tion wavelengths shifted from 300 to 365 nm, the persistent af-
terglow emitted changed from green to yellow, and ultimately to
red. Additionally, the persistent luminescence shifted from red
to green under 365 nm UV irradiation due to different phos-
phorescence lifetime of these guests, which enabled the time-
dependent phosphorescent emission. This study offers a valuable
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Figure 4. a) Formation of the helical films. Reproduced with permission.l'7%l Copyright 2022, Springer Nature. b) Structures of host f-estradiol and
guests of (R)-DMBDA, (S)-DMBDA, and spectroscopic properties of (R)-DMBDA-doped f-estradiol film. Reproduced with permission."’1] Copyright
2016, American Chemical Society. c) Synthesis of bidibenzol[b, d]furan scaffold (R)-1 and photoluminescence (PL) of (R)-1in organic solvent and crystal
at room temperature. Reproduced with permission.l172] Copyright 2022, John Wiley and Sons. d) Ultraviolet (UV) light detectable UV light-detectable
CP-OURTP in chiral naphthalimide self-assembly. Reproduced with permission.['74] Copyright 2021, American Chemical Society.

platform for fabricating novel CP-OURTP materials with color-
tunable phosphorescence.

Utilizing solid-state host-guest complexation holds signif-
icant promise for fabricating phosphorescent materials. The
development of chiral hosts doped with diverse achiral guests
across a wide range of guest types would undoubtedly broaden
the chiroptical applications. Hao, Xing, and co-workers!'’®]
reported the complexation of steroid-aromatic compounds in the
solid phase, which enabled the effective CPP (Figure 6). Steroids
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have been regarded as one of the excellent candidates for en-
trapping aromatic molecules with diverse functionalities.['7%182]
Progesterone (Pg) exhibited a strong affinity to diverse aromatic
compounds in the solid state, which acted as a host to hold small
aromatic guests, like pyrene (Py), tetraphenylethylene, and other
luminophores in the solid state (Figure 6a,b). Pg cocrystallized
via CH- interactions, creating a stable chiral microenvironment
for encapsulating the aromatic luminophores within its cavities.
The handedness of CPL can be tailorable by small molecular
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Figure 5. a) Molecular structures of the materials made of the host (PVA) and guest (Na-R/PVP, Pa-R/PVP, and Py-R/PVP).

b) PL spectra, c) phospho-

rescence decay curves, d) CIE coordinates, and e) Luminescence photographs of all materials. Reproduced with permission.['76] Copyright 2023, John

Wiley and Sons.
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Chemistry.

guests, depending on their geometry. The intrinsic chirality of
Pg enabled the chirality transfer to aromatic moieties, resulting
in the full-color luminescence and the realization of circularly
polarized room temperature phosphorescence (CPRTP). The
interaction between Pg and pyrene bromide (PyBr) in host—guest
complexation facilitated the selective presentation on various
substrates (Figure 6d). This work demonstrates the utility of the
steroid complexation as phosphorescent materials, which shows
great potential a promising candidate for developing CPRTP
materials.

Heterohelicenes have recently garnered considerable interest
as promising materials with outstanding electronic and optical
properties due to their chirality, including distinctive chiroptical
features.['83184] Recently, Hideki Fujiwara et al.'¥] put forward
a novel method to achieve a double N, S-hetero[S]helicene (com-
pound 2) consisting of two benzo[b]phenothiazines (BPT), which
demonstrated CP-OURTP properties (Figure 7a). Compared with
the N,0O-analogue consisting of two benzo[b]phenoxazines, com-
pound 2 exhibited stronger phosphorescence with an extended
lifetime of 0.16 s in a frozen solution at temperatures near that
of liquid nitrogen when doped into a f-estradiol matrix. The
films of (P, P)- and (M, M)-2 in f-estradiol showed mirror im-
ages (Figure 7b,c), and different afterglows after switching oft UV
light (Figure 7d,e). The weak fluorescence shoulder bands were
observed at 500 nm with g.p; of 1.7 X 1072 and the CPL at 600 nm
was from CPP with g, of 5 X 1073, Compound 2 is a distinct rep-
resentative of organic helicenes that exhibits CP-OURTP without
aggregation.

CP-OURTP materials represent a burgeoning research fron-
tier with promising prospects across diverse fields due to their
extended triplet states and extended emission properties. Subi
J. George et al.l'*¢] designed a bischromophoric molecule which
was made of enantiomeric diaminocyclohexane (DAC) chiral
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core, modified with pyromellitic diimide (PmDI) phosphor to
realize the solution-processable, ambient CP-OURTP emission.
The solution-processable polymer films, composed of (RR)/(SS)-
BrPmDI and (RR)/(SS)-Br2PmDI within PMMA matrix, exhib-
ited the mirror-image CPP emissions (Figure 8a—c) with high
phosphorescence quantum yields ranging from 10% to 18% and
significant g, values from 1.3 x 1073 to 4.0 x 1073. To be spe-
cific, the existence of carbonyl groups and heavy atoms was capa-
ble of promoting the ISC to realize the phosphorescence in the
monomeric states. This strategy provides a valuable design map
for constructing CP-OURTP materials.

2.4. CP-OURTP Based on Copolymerization and Host—Guest
Doping System

Despite significant progress in developing circularly polarized
organic afterglow (CPOA) materials, creating a blue CPOA sys-
tem with non-radiative transitions, high triplet energy levels, and
strong chirality remains a considerable challenge. One potential
method to improve CPOA emission is through chiral crystal engi-
neering. However, this method relies on ordered molecular pack-
ing, leading to the loss of triplet excitons due to triplet-triplet an-
nihilation and causing a shift of the emission spectrum toward
longer wavelengths. In contrast, CPOA emission can undergo a
blue shift when a single molecule is effectively confined within
a polymer matrix, resulting in the stabilization of triplet exci-
tons for an ultralong lifetime. Based on this principle, a strategy
was proposed based on self-confinement of isolated chiral chro-
mophores within a rigid polymer matrix to reduce non-radiative
transitions and enhance blue CPOA polymers. These CPOA poly-
mers were synthesized via radical copolymerization with fluores-
cent materials acting as guests, enabling CPOA emissions with
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green, red, and even white. Developing a blue CPOA system with
non-radiative transitions, high triplet energy levels, and strong
chirality poses a significant challenge. Huang, Chen, Tao, and
co-workers(!#¢ have proposed a straightforward approach to real-
ize the blue CPOA through self-confining chiral chromophores
into the rigid polymer matrix to enhance blue CPOA polymers

Adv. Funct. Mater. 2025, 35, 2414086
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(Figure 9). Interestingly, by leveraging the synergistic afterglow
and chirality energy transfer (SACET), CPOA polymers with tun-
able color ability were successfully obtained through incorporat-
ing colorful fluorescent guests with green, red, and even white
CPOA emission (Figure 9b). Chiral polymers R/S-PAMCOOCzX
(X = 1-4) were produced via radical copolymerization, employing
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the self-engineered chiral monomer of R/S-VCOOCz and acry-
lamide with molar ratio of 1:50, 1:100, 1:200, and 1:400, respec-
tively (Figure 9c). The existence of strong hydrogen bonds pro-
vided a stabilized molecular state of chiral chromophores, result-
ing in the CPOA polymer with blue emission, and a g, value of
~1072. This study establishes a foundation for the streamlined
design of blue CPOA materials, confirms the viable approach
of SACET to fabricate the full-color CPL materials, and expands
their potential applications in various fields.

2.5. CP-OURTP Based on Spinning and Twisting Technology

CP-OURTP fibers can be produced by wet spinning technique,
followed by mechanical twisting in a dry state with the assistance
of PVA and quinoline derivatives. In this strategy, the quinoline
derivatives act as organic phosphors guests within the PVA aque-
ous solution. This solution is extruded into a specialized coagula-
tion bath, where the phase separation takes place via a double dif-
fusion process governed by the concentration gradient. After the
solvent is removed by heating, fibers embedded with quinoline
derivatives and exhibiting RTP properties are obtained. These dry
fibers are then twisted to form helical structures with different
helical directions. The phosphorescence behavior of the organic
phosphors is facilitated by the hydrogen bonding interaction be-
tween quinoline molecules and PVA polymer chains. The heli-
cal structure of twisted fibers forms a chiral medium that en-
ables CP-OURTP through selective reflection and transmission.
Producing CP-OURTP materials with more versatility, simplic-
ity, and practicality remains challenging. Cheng, Zhang, and co-
workers!'¥”] prepared the novel CP-OURTP material using a com-
bination of wet spinning and twisting technique, which yielded
the continuous fabrication of RTP fibers with twist helical chi-
rality, and the multiple characteristics of flexibility, handedness,
phosphorescence, knittability in a single system (Figure 10a).
To be specific, PVA was chosen for incorporating three quino-
line derivatives with amino, hydroxy, and carboxy groups, respec-
tively. By leveraging the hydrogen bonding interactions between
each other, coupled with the rigid environment provided by PVA,
the Q-NH,@PVA (Figure 10b) fiber exhibited the remarkable
phosphorescent properties with a lifetime of 1.08 s and a quan-
tum yield of 24.6%, along with the enhanced tensile strength. The
mechanism for producing CPRTP fibers was shown in Figure
11c. Remarkably, the CP-OURTP was obtained by imparting left-
or right-handed helical structure through basic twisting, facilitat-
ing the mass generation of chiral Q-NH, @PVA fiber with a g,
value of 10~2. The helical microstructures led to the conversion
of PVA-based fibers into CPRTP fibers, thereby creating new pos-
sibilities for the fabrication of CP-OURTP materials, that can be
applied in cutting-edge anti-counterfeiting technology.

2.6. CP-OURTP Based on Supramolecular Polymer Assembly

In the existing approaches for CPP materials, the method of
the crystallization of chiral phosphors faces many disadvan-
tages, such as the limited flexibility, stretchability, poor pro-
cessability. Meanwhile incorporating phosphors into amorphous
polymer matrixes yields unsatisfied chiroptical signals due to
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the lack of chirality communication. In addition, the majority
of advanced RTP materials have been restricted to the solid-
state applications due to the quenching effect of dissolved oxy-
gen on triplet excited states and free molecular motion in lig-
uid states. Therefore, extensive endeavors have been dedicated
to the omnipotent CPL materials through supramolecular as-
sembly. The supramolecular polymers with various functionali-
ties including reversibility and responsiveness have been rapidly
developed.['®81%] Supramolecular polymers composed of disor-
dered and intertwined coils demonstrate the flexible and elas-
tomeric mechanical characteristics, processability, recyclability,
and self-healing abilities due to their reversible transitions be-
tween monomeric and polymeric states. In addition, supramolec-
ular polymers play an important role in soft materials due
to their tunable, dynamic, and responsive characteristics. Ma
et al.1%1 developed the soluble helical supramolecular polymers
with CP-OURTP properties by host-guest doping. The trans-
formation from predominant fluorescence to nearly exclusive
RTP emission was accomplished through assembly. Accordingly,
the terminal groups of a two-branched chiral monomer (AHBP)
were encapsulated within the cavity of CB[8],%! as illustrated
in Figure 11, leading to the formation of a head-to-tail helical
supramolecular polymers (SPs). These SPs exhibit the sustained
RTP due to the charge-transfer triplet state within the CBJ[8] cav-
ity. In this helical supramolecular polymerization, CPRTP with a
Zum Of 2.2 X 107 was obtained in water. This approach for realiz-
ing CPRTP based on helical supramolecular polymers paves the
novel way for the streamlined design of the intelligent functional
materials.

Kim et al.l'?] had developed a novel chiral self-assembly ap-
proach to achieve CP-OURTP by incorporating chiral chains into
purely organic phosphors for obtaining the bright CP-OURTP
(Figure 12). The CP-OURTP molecules were constructed from
an aromatic carbonyl framework, leveraging the heavy atom ef-
fect of bromine (Br) to enhance the spin—orbit couplings (SOCs)
and facilitate the ISC, consequently enabling the bright CP-
OURTP."3191 The chiral chains were deliberately designed to
possess robust hydrogen bonding, van der Waals interactions,
and a chiral center to guide the chirality of the self-assembled
supramolecular nanostructures. The obtained densely packed
supramolecular nanostructures restricted the molecular mo-
tions, reducing the non-radiative decay and enhancing the emis-
sion of CP-OURTP. These small purely organic phosphors can
self-assemble into the supramolecular nanostructures via he-
lical assembly, depending on the left-handed or right-handed
chirality of the side chain (Figure 12a,b). LGluP and DGIluP
self-assembled to nanofibers (NFs), which subsequently trans-
formed into M-helix (left-handed) and P-helix (right-handed) heli-
cal nanofibers, respectively. These helical NFs emitted blue circu-
larly polarized fluorescence (CPF) from a singlet state at 410 nm
(Figure 12c). The self-assembly process resulted in the forma-
tion of nanobundle with green CP-OURTP from a triplet state at
500 nm (Figure 12d). The self-organized supramolecular struc-
tures exhibited CP-OURTP with a g, value of appropriately
1073, a lifetime of 180 ms and the quantum yield of 4.1%. The
proposed molecular design for CP-OURTP will open up a novel
path for the fabrication of cutting-edge luminescent materials.

Various strategies have been developed to construct the
intriguing CP-OURTP materials involving chiral aggregates
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Wiley and Sons.

through supramolecular self-assembly methods!®®! owing to
the ineffective intra-/intermolecular z—z* electronic coupling,
which is urgently needed for generating strong chiral signals.
For RTP polymers, the luminous and persistent emission typi-
cally arise from isolated chromophores. It is highly desirable to
design molecules exhibiting the decent CP-OURTP behaviors at
the monomeric level and possessing the remarkable advantages

Adv. Funct. Mater. 2025, 35, 2414086
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such as versatile tunability, cost-effectiveness, and excellent
biocompatibility. Tremendous endeavors have been dedicated to
achieving dynamic control over the amplification or inversion
of CPL.[200-202] Particularly, the precise photo-induced control of
CPL can be achieved through the incorporation of photoactive
chromophores.[22%] However, accurately quantifying chirop-
tical signals through the molecular chiral packing remains

© 2024 Wiley-VCH GmbH
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challenging. Zhu and co-workers?%! reported an efficient and
flexible strategy for rationally manipulating the CP-OURTP of
solid-state materials composed of closely packed molecules, by
utilizing microphase separation through the assembly of a chiral
block copolymer (cBCP) polystyrene-b-poly(L-lactide) (PS-b-
PLLA) with a nonchiral luminophore based on hexathiobenzene
(M-1) (Figure 13a). cBCP stands as a typical macromolecular
system with ordered nanofeatures in solid state, enabling the
self-assembly by two segments with polarity and rigidity differ-
ences. The CP-OURTP signal of the supramolecular assembly
increased in the initial state as the proportion of luminophore to
cBCP was added, until reaching a critical threshold. As expected,
further increasing the proportion of luminophore resulted in
a decrease of CP-OURTP signal, which was ascribed to the
stretched helical pitch of M-1@PLLA (poly(L-lactide)) domain.
It should be noted that the helical pitch of the molecular ag-
gregation system retracted as the CP-OURTP signal recovered,
driven by the photoexcitation-triggered molecular aggregation of
M-1. More specifically, a chiral skeleton composed of PS-b-PLLA,
was co-assembled with M-1 by hydrogen bonding (Figure 13a).
M-1 was able to tailor the pitch of the helical nanostructures
within M-1@PLLA domains (Figure 13b), thereby influencing
the CP-OURTP signal in M-1@PLLA domain as the ratio of
M-1 to ¢cBCP changed. The helical microphase-separation could

Adv. Funct. Mater. 2025, 35, 2414086
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be observed due to the steric z—= stacking. The mechanism of
photoexcitation-induced molecular aggregation can be explained
by the molecular conformational change of C1—C2—S—C3
bond (Figure 13c). This photoexcitation-induced molecular
aggregation is a valid approach for rationally manipulating the
supramolecular chiropticity of solid-state materials.

3. Enhancing CP-OURTP in Chiral Soft Materials

Keeping pace with the fast growth and progress in science and
technology, numerous soft materials have made critically impor-
tant strides into mainstream applications in luminescent soft
materials. Soft materials, like liquid crystals (LCs), as one of the
self-assembled supramolecular architectures, represents an in-
termediate phase or state of matter demonstrated by mesogens.
LCs maintain the unique properties between isotropicliquid state
and crystalline solid state with both positional order and orien-
tation order.[2%] Generally, LCs are classified into two categories,
that is, thermotropic and lyotropic LCs (LLCs), depending on the
way of the mesophases are obtained whether by varying the tem-
perature or changing the concentration of the solution.[207208]
Thermotropic LCs can exhibit different mesophases associated
with the changing of the temperature within a certain range,
which consist of mesogenic compounds that showcase a range

© 2024 Wiley-VCH GmbH
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of molecular geometries, including rod-like, disk-like, bowl-like,
banana-shaped structures.[29-2121 LLCs, which are of paramount
importance in living matter as well as biological science, demon-
strate a variety of mesophases including nematic, cholesteric,
cubic, lamellar, and columnar phases. The formation of lyotropic
LC depends on the concentration of anisotropic suspensions con-
taining amphiphilic compounds dissolved in suitable solvents
over a range of concentrations and temperature,[®2132191 guch
as aqueous solutions of deoxyribonucleic acid (DNA), tobacco
mosaic virus (TMV), carbon nanotubes, anisotropic nanorods,
graphene derivatives, and cellulose nanocrystals (CNCs).[220-222]
LCs, such as nematic, chiral nematic, smectic, blue phase, and
cubic phases with intriguing optical properties, have been widely
employed for fabricating functional materials.[6-20¢]

LCs are omnipresent in biological systems, where their chi-
rality serves as an elegant and unique characteristic in specific
plant tissues, as well as in the cuticles of various organisms
such as arthropods, crabs, beetles, and many others.[22>-225] Draw-
ing inspiration from nature, scientists have recently dedicated
substantial endeavors to developing chiral LC materials with
self-assembled nanostructures and investigating their possible
applications spanning from dynamic photonics to addressing
energy and safety concerns.[?””] The first LC phase was iden-
tified as a chiral nematic phase (cholesteric phase, CLCs),??!
which was observed in the cholesteryl benzoate by Reinitzer in
1888.1227:228] CLCs, functioning as responsive soft materials, can
be obtained by doping the chiral compounds into the achiral
nematic LCs.[?2*232] One of the fascinating features of CLCs is
the ability to selectively reflect circularly polarized light (pho-
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tonic bandgaps, PBG) according to the Bragg’s law.[?33] This phe-
nomenon allows CLCs to reflect light of the same handedness
as the helix twist of helicoidal superstructure, but transmit the
opposite handedness.[2*2%¢] The self-organized periodic helical
arrangements can also be observed in the cuticles of beetles and
pollia fruit.[?”] Nature systems such as cuttlefish, morpho butter-
fly wings, octopus, etc., are able to manipulate light due to their
photonic helicoidal structural color.23824] Ingpired by these liv-
ing organisms, significant endeavors have been focused on the
manipulation of light in CLCs.[2**] The CLCs can reflect light
within the visible spectrum. The wavelength A of the reflected
light can be characterized as

A=mnpcosf (1)

Here, n denotes the average reflective index of the materials,
while p represents the helical pitch of the CLCs. p is determined
by the distance over which the director of CLCs rotates a com-
plete 360°.1241] 9 signifies the angle formed between the helix axis
and the incident light.[?*?] The cholesteric helix can be viewed as
a one-dimensional (1D) photonic crystal, with its bandgap deter-
mined by parameters such as p, n, and 6.

CPRTP can be achieved through organic crystal aggregation,
where the conformation of the twisted molecules is fixed, thereby
restricting chiral small molecule motion within the crystalline
state. The restricted lattice structures allow for the observation of
long-persistent phosphorescence, as the molecules form a highly
ordered packing arrangement. The g, values in the range of
1073 to 1072 are attributed to the chiral structures of the twisted
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molecules caused by the strongly restricted chiral environment.
Moreover, efficient CPRTP can be achieved through copolymer-
ization of isolated chromophores with axial chirality within poly-
mer chains under ambient conditions. Binaphthol derivatives
with axial chirality, can be covalently bonded to polymer chains
containing rich carboxylic groups. These groups can enhance
the ISC process, boosting the generation of triplet excitons and
effectively constraining the molecular motions of phosphors by
forming a rigid polymer network. The incorporation of axial chi-
ral chromophores into polymer chains enables the copolymers to
exhibit CPRTP with a g, value of 103, Additionally, the CPRTP
can be produced through the interaction between chiral chro-
mophores and a chiral environment, which restricts the motions

Adv. Funct. Mater. 2025, 35, 2414086 2414086

PL by controlling the ratio of M-1to PS-b-PLLA. c¢) Conformational change of
ar aggregation. Reproduced with permission.[29%] Copyright 2022, American

of chiral small molecule within rigid host matrix. By purposely
introducing chiral molecules into rigid polymer matrix, CPRTP
with g, values on the order of 1072 are achieved. The use of wet
spinning and twisting technique allows for the continuous pro-
duction of RTP fibers with twisting-induced helical chirality. The
hydrogen bonding interactions and the rigid microenvironment
provided by PVA chains, enable the distinct phosphorescent
properties of fibers. The resulting fibers exhibit CPRTP with a
Zum Of 1072, which are produced by introducing left- or right-
hand helical structures through twisting. In supramolecular
systems, the chirality of the side chain directs the chirality of the
self-assembled supramolecular nanostructures, while the tightly
packed supramolecular structures restrict molecular motions,

(15 of 37) © 2024 Wiley-VCH GmbH
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resulting in bright phosphorescence emission. These small
organic phosphors self-assemble into supramolecular nanos-
tructures via helical assembly based on the left-handed or
right-handed chirality of side chains, forming large-scale chiral
assembly by non-covalent interactions like hydrogen bonding
and van der Waals interactions. Organic phosphors with a chiral
side chain usually generate CPRTP with g between 1073 and
1072

The g, values of reported long-lived CP-OURTP materials
using traditional strategies including organic crystal aggregation,
copolymerization, host—guest doping, the combination of copoly-
merization and host—guest doping, spinning and twisting tech-
nology, and supramolecular systems, fall within the range of 103
to 1072, which are significantly lower than the theoretical maxi-
mum of 2.0. These traditional strategies are obviously not effec-
tive for the high-performance optical multiplexing. Thus, devel-
oping a novel strategy for achieving persistent RTP with elevated
Zum Values is highly desirable. The distinctions between tradi-
tional strategies and chiral soft matter systems, such as CLCs, lie
in their ability to amplify chirality and significantly enhance g,
values. CLCs are considered as an exceptional medium for CP-
OURTP with ultrahigh g .. The unique characteristic of CLCs
is their PBGs, which selectively reflect circularly polarized light
with the same handedness as their helical superstructure while
transmitting light with the opposite handedness. By adjusting
the positional relationship between PBGs of CLCs and photolu-
minescent emission wavelengths, the g, values of CP-OURTP
can be modulated from zero to their maximum values. Leverag-
ing the inherent amplification effect of CLCs enables CP-OURTP
materials to achieve g, values two orders of magnitude higher
than those attained through traditional strategies.

3.1. CP-OURTP Based on Lyotropic Cellulose Nanocrystals

The latest development in CPRTP research involve the innova-
tive synthetic approaches and emergence of the novel CPRTP
materials.[*24] Strategies for realizing CPRTP involve utiliz-
ing chiral phosphorescent organometallic complexes.[36°0.244]
However, these methods typically exhibit low g, ranging be-
tween 1073 and 107!, which often lack the precise control over
chirality.?2%] Smectic LCs composed of chiral organoplatinum
complexes, which can generate CPRTP with g, 0f4.0 x 1072 due
to the chirality amplification and LC-stabilized triplet excitons.*]
LLCs can be found in biological macromolecules such as pro-
teins, nucleic acids, and carbohydrates.[?'] LLCs are commonly
used in templating, as their LC phases are compatible with
many precursors, such as desoxyribonucleic acid (DNA) and
cellulose nanocrystals (CNCs).l’1246-2501 Particularly, chiral ne-
matic CNCs are regarded as the most abundant biosourced ma-
terials produced by different organisms (trees, plants, and bac-
teria) in naturel®®-2°! that can form LLCs with excellent me-
chanical properties, optical properties, large specific surface area
and electrochemical properties. They are also 1D nanostruc-
tures and rodlike lyotropic materials with outstanding charac-
teristics such as recyclability, biocompatibility, wide availability,
low cost, and low toxicity.[2] The precisely defined chirality and
exceptional dispersion stability of CNCs enable their sponta-
neous arrangement into a left-handed CLC phase, which can
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be maintained when CNC suspensions are evaporated to form
films.[246257-260] The resulting helicoidal arrangement endows
CNC films with iridescent structural colors and the pronounced
circular polarization. Thanks to this inherent capability, CNC can
split the incident light into two CPL components through selec-
tive reflection and transmission.!?!] Due to the left-handed CLC
with one-dimensional photonic properties, numerous cellulose
nanocrystal-based superstructures have been investigated.!?”]

The advancement of CNC-based nanomaterials offers new op-
portunities for fabricating novel CPL nanomaterials in the fields
of biomedicine and nanoscience. CNC films, characterized by
their cholesteric structures, are capable of controlling CPL. The
integration of chromophores into chiral photonic crystals by us-
ing CNCs as a chiral bio-template to manufacture composites
enables the precise regulation of spontaneous emission within
PBGs, and thus resulting in the modulation of CPL. In this
regard, Xu, Tang, and co-workers!?®?) demonstrated chiral ne-
matic silica (CNS) films with on-demand chiroptical properties
by evaporation-induced self-assembly (EISA),[260263] followed by
a calcination process at 550 °C for 6 h, resulting in nanoporous
CNS films characterized by the defect photoluminescence with
the controllable handedness and band wavelength (Figure 14a).
When the phosphorescence band was modulated to overlap with
the selective reflection band of CNS films, right-handed CPRTP
(R-CPRTP) was generated, while left-handed CPRTP (L-CPRTP)
occurred once the phosphorescence band was located near the se-
lective reflection band of CNS films. Consequently, CP-OURTP
with controllable handedness could be obtained with g, up to
—0.130 (R-CPRTP) and 0.093 (L-CPRTP) and the afterglow life-
time of 1.082 and 1.04 s, respectively. By using the same EISA
strategy, Liu, Zhang, and co-workers!'**! synthesized hybrid pho-
tonic films with dual CPL and RTP through the co-assembly of
CNCs, PVA, and carbon dots (CDs) (Figure 14b). CDs, as remark-
able inorganic phosphors, exhibit outstanding characteristics,
such as the tunable photoluminescence, excellent biocompati-
bility, high emission intensity, high chemical stability, and easy
functionalization. These properties effectively address the draw-
backs involving inherent toxicity by using heavy metals in their
production, 2642661 making them highly desirable for biomedi-
cal applications. Fluorescence emission of quantum dots (QDs)
embedded in LCs are able to produce CPL signals, which can
be modulated either optically or electrically through changes in
the helical arrangement of the LC matrix. In addition, CDs can
be incorporated into CNC films to obtain CPL. By changing the
ratio of CNC and PVA, the CP-OURTP with reversible handed-
ness, tunable wavelengths, and an absolute g, value up to 0.27
was achieved. Specifically, the triplet excitons generated by CDs
demonstrated distinct stability within the chiral photonic crys-
tal surroundings, resulting in the adjustable right-handed CP-
OURTP with an absolute value of g, up to 0.47. This provides a
facile methodology for fabricating CP-OURTP materials that can
be potentially used in optoelectronic.

Developing security materials that can hide needed infor-
mation promote the development of the anti-counterfeiting
technology. Circularly polarized long afterglow (CPLA) has
garnered significant attention in security fields due to its distinct
optical characteristics, such as prolonged afterglow and circular
polarization, a combination of time-dependent and intensity-
dependent characteristics. Zhuang et all?’l successfully
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fabricated a phosphor-CNCs-based bilayer-device with full-
colored CPLA architectures, which consisted of the phospho-
rescence layer by embedding phosphors into a polymer (poly-
dimethylsiloxane)(PDMS) and CNCs membrane (Figure 14c).
This device exhibited the on-demand performance with a large
gcpra of —0.67 and a long lifetime of 40 min which can be applied
as a security label by taking the combinational advantages of
circular polarization and persistent afterglow attributes. Remark-
ably, the complexity of information encryption was enhanced by
the introduction of both time and intensity variations, presenting
possibilities for advanced security technologies. Chen et al.[2%8]
introduced biobased thin films exhibiting CPL with simultane-
ous RTP (Figure 14d). Phosphorescence-active lignosulfonate
biomolecules were assembled with CNC in a chiral architecture.
The lignosulfonate captured the chirality induced by CNCs
within the films, resulting in the emission of CP-OURTP with
a gum 0f 0.21 and a phosphorescence lifetime of 103 ms. Unlike
traditional organic phosphorescent materials, this chiral system
exhibited phosphorescence stability, showing no significant
degradation in the extreme chemical environment. Additionally,
the luminescent films, which exhibited resistance to water and
humidity, were completely biodegradable under soil conditions.
This resulting bio-based, environmentally friendly system for
CP-OURTP is anticipated to provide a new avenue toward the
advanced security technologies.
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CNC films can serve as an outstanding chiral hosts or tem-
plates for integrating luminescent materials like CDs, silica,
and dye, resulting in strong CPL. Nonetheless, there have been
few reports on CNCs-based CP-OURTP, particularly lacking
the control over handedness inversion and CPL wavelength.
The majority of CP-OURTP materials reported thus far utilize
the rigid environment to inhibit the non-radiative transitions
for enhancing the phosphorescence, thereby constraining their
stimulus-responsive capability. Recently, Ye, Meng, Duan, and co-
workers2%%! successfully fabricated the chiral luminescent films
by incorporating the phosphors doped polymethyl methacrylate
(PMMA) in CNCs, enabling the switchable handedness with an
absolute g, value of 0.49 (Figure 15). Within these films, the
phosphors functioned as guest emitters to produce both fluores-
cence and phosphorescence, the polymer matrix served as the
host for RTP, and simultaneously the CNCs film behaved as a
circularly polarized filter. The hybrid chiral luminescent films
were fabricated by infiltrating CNCs films with polycyclic aro-
matic hydrocarbons (naphthalene, NP, and pyrene, PP) doped
PMMA matrix, which were denoted as NP-CNC and PP-CNC,
respectively (Figure 15a,b). Moreover, the dynamic modulation
of CPRTP and CPF was realized under the irradiation of UV
to reduce the triplet oxygen quenching. The tunable PBG of
CNCs films permitted the modulation of the structural colors
(Figure 15c¢,d), chirality, and wavelength of CPRTP and CPF
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handed circularly polarized filter (L-CPF) and right-handed circularly polarized filter (R-CPF), the irradiation of UV under L-CPF and R-CPF, respectively.

Reproduced with permission.[26°] Copyright 2024, Elsevier.

emission. By combining structural colors, fluorescence, phos-
phorescence, and CPRTP, a versatile security material was de-
veloped, capable of encoding diverse information under nat-
ural light, UV irradiation, and circularly polarized light. This
CNC-based material shows promising applications in informa-
tion storage, chiral polarizers, and advanced optics. Zhang and
co-workers(?7%] fabricated full-color CPRTP materials by employ-
ing anionic cellulose derivatives and ionic achiral luminophores.
The ionic achiral groups promoted the spontaneous formation
of chiral helical structures through electrostatic repulsion. The

anionic cellulose derivatives provided a chiral environment and
confined the motion of achiral luminophores. The chirality was
transferred to the luminophores driven by the interactions be-
tween anionic cellulose derivatives and the luminophores, and
the non-radiative transition was suppressed. The resultant ma-
terials could be processed into large-scale films and flexible 3D
objects with folding and curling characteristics. The phospho-
rescence of these materials depended on excitation, time, visible
light, and they demonstrated multi-responsiveness to tempera-
ture, humidity, and pH. These findings provide valuable insights

Adv. Funct. Mater. 2025, 35, 2414086 2414086 (18 of 37) © 2024 Wiley-VCH GmbH
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Figure 16. a) Schematic illustration of the multi-color CPL-active CLCs. Reproduced with permission.[?’3] Copyright 2023, John Wiley and Sons.
b) Traditional approaches and new strategy to obtain CP-OURTP. Reproduced with permission.[274] Copyright 2023, John Wiley and Sons. c) Tunable
CPRTP from chiral LC elastomer (CLCE). Reproduced with permission.[2%8] Copyright 2023, Elsevier. d) Dynamic modulation of CP-OURTP via a bilayered

film. Reproduced with permission.314] Copyright 2024, John Wiley and Sons.

for designing advanced optical materials for multilevel informa-
tion management and chiral sensing. Chen and co-workers!?!]
developed a polymer-organic molecule with persistent photolu-
minescence by incorporating acridine flavin (AF) into a PVA
matrix. This composite exhibited dual-persistent photolumines-
cent modes of both TADF and RTP, with long lifetime of hun-
dreds of milliseconds. The rigid PVA network and intermolecu-
lar hydrogen-bonding between AF and PVA were crucial for the
persistent photoluminescence of AF by confining its triplet ex-
citons under excitation. On this basis, a circularly polarized per-
sistent photoluminescence system was constructed by combin-
ing a suspension of AF, PVA, and bio-based CNCs. This organic
molecule demonstrated long-lived TADF and RTP within PVA
network, and the cholesteric structures of CNCs simultaneously
endowed the dual-persistent photoluminescence with a circularly
polarized effect.

3.2. CP-OURTP Based on Chiral Thermotropic LCs

Thermotropic LCs are recognized for exhibiting various
mesophases as temperature changes within a specific range,
consisting of mesogenic compounds with a range of molecular
geometries, such as rod-like, bowl-like, and bent-shaped struc-
tures. Chiral thermotropic LCs contain a variety of mesophases,
including cholesteric phases with helical arrangements, chi-
ral smectic phases that exhibit the spontaneous polarization,
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double twist blue phases with cubic nanostructures, and twist
grain boundary (TGB) phases exhibiting the frustrated helical
superstructures.?”2 LC emerges as an optimal medium for
enhancing chirality, which is accessible for ultra-dissymmetric
CP-OURTP. Deng et al.[?73! developed the bilayered CPRTP de-
vice by incorporating 3,6-diphenylcarbazole (DPCz) into a PVA
matrix for the RTP film layer, along with a chiral nematic LC layer
doped with circularly polarized fluorescence polymer (CPFP)
(Figure 16a). The resulting bilayered CPRTP device exhibited
an afterglow with a lifetime over 18 s at room temperature. The
reflection band of CLCs doped with 8 wt% CPFP effectively
overlapped with the emission peak of RTP, leading to intense
CPRTP with a contrast ratio up to +1.24/—1.57. This approach
for the construction of emissive chiral nematic LCs establishes
a foundation for future exploration of CPL-active chiral nematic
LCs. However, the existing strategies suffer from the inherent
limitations such as the inevitable phase separation, inferior
flexibility, and the intricate process of selecting a rigid host for
the doped composite systems. RTP polymers are outstanding
candidates to address these challenges due to their advantageous
attributes, including commendable processability, stretchability,
and reproducibility. Therefore, it is highly desirable to find a
controllable and predictable design approach for developing
RTP polymer for practical applications. Polymer LCs offer the
superior processability, thermal stability, and possess larger
Zum Values compared to small molecular LCs, thus expanding
their promising applications. Polymer CLCs can be obtained
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by photoinduced polymerization, including LC monomers,
photoinitiators and chiral dopants. Our group/?’# has developed
an efficient method for achieving CP-OURTP by employing
RTP polymers and chiral helical superstructures (Figure 16b).
The CP-OURTP material demonstrated a g, up to 1.49, sur-
passing previous records by over two orders of magnitude. This
system exhibited exceptional stability after numerous cycles
of photoirradiation and thermal treatment, making it suitable
for applications in optical multiplexing. These findings are
believed to establish a robust foundation for the advancement of
CP-OURTP materials in photonic applications.

The remarkable intelligent and autonomous characteristics
of living organisms have inspired significant advancement in
the fabrication of smart materials capable of diverse motions
when responding to external stimuli (heat, light, electric, or
magnetic).[?>2%0] Inspired by human muscles, which exhibit
various deformations and execute complicated biological func-
tions in response to nerve signals, researchers have concentrated
on the stimuli-responsive soft active materials of LC elastomers
(LCEs) with multiple functionalities!?®!-284] such as polymer elas-
ticity and mesogenic anisotropy. LCEs have the ability to per-
form reversible shape transformations,!?%2%] including bend-
ing, walking, swimming, and twisting. LCEs with the capacity
of reversible, large, and programmable deformation under exter-
nal triggers!?%¢] have been considered as the most promising ac-
tive soft materials in the applications of autonomous robotic, soft
robotics, adaptive optics devices, biomimetic devices, stimuli-
responsive actuators, artificial muscles, and so forth.[279.287:288]
Azobenzene and its derivatives have emerged as one of the
most extensively investigated chromophores, due to their ther-
mal stability, compatibility, and distinguished absorbance spectra
of trans and cis conformers.[289-291]

By utilizing reactive mesogenic molecules, chiral LCEs
(CLCEs) can be obtained within an elastomeric matrix, combin-
ing the remarkable optical characteristics of a chiral nematic
phase with the viscoelasticity nature of rubber.[22-2%°] CLCEs rep-
resent soft and dynamic photonic components that couple the
circularly polarized structural color from the cholesteric helix to
the viscoelastic properties of rubbers. The physical characteris-
tics and responsiveness of these materials to external stimuli are
highly diverse, enabling a wide range of applications, such as
photonic camouflage, soft robotics, biomedical sensors, and in-
formation protection and data security.2122962%7] Despite the ex-
cellent achievements obtained in CLCEs, the CP-OURTP prop-
erties of CLCEs have been scarcely investigated. Guo et al.[28]
have introduced a convenient and efficient method to achieve
mechanical-tunable CP-OURTP by integrating phosphorescent
tetra-N-phenylbenzidine (TPB) into CLCEs (Figure 16¢). The
phosphorescent lifetime and mechanical characteristics of CLCE
films were influenced by the quantity of chain extender. The ad-
dition of bulky TPB addressed the limited rigidity of CLCEs, re-
sulting in the robust CP-OURTP. Moreover, by stretching the
CLCE;s, the g, of the CP-OURTP can be tailored from 0.93 to
nearly zero. Leveraging the reconfigurable nature of the CLCE
network and the unique properties of CP-OURTP, a 4D en-
cryption luminescent barcode was devised, demonstrating the
considerable potential for information storage and encryption.
Deng, Zhao, and co-workers!>®! developed a versatile and ef-
fective approach to produce full-color CPRTP system with ex-
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ceptionally high g, factors in a polymeric cholesteric super-
helix network, using a combination of CLC polymers and chi-
ral helical polymer (CHP). The chiral fluorescent helical poly-
mers were served as chiral dopants in this system. Leveraging
the strong helical twisting power of CHP, the resultant poly-
meric cholesteric superhelix network demonstrated excellent op-
tical activity. Notably, by employing a straightforward double-
layered structure composed of a cholesteric superhelix film and
phosphorescent films, they achieved CPRTP emissions in blue,
green, yellow, and red, with maximum |g,,,, | values of 1.43, 1.39,
1.09, and 0.84, respectively. This research provides valuable in-
sights for designing polymeric cholesteric superhelix systems
with significant CPRTP performance for advanced photonic de-
vices. Cheng et al.?%! developed remarkable CPRTP materials
by the photogenerated radical from chiral LC co-polymers. Three
achiral co-polymers (P1/P2/P3) were co-assembled with the chi-
ral inducer R/S-I. The resultant (R/S-I),,,-(P1/P2/P3), exhibited
rapid photochromic characteristics and strong RTP, facilitated
by photothermal synergy. P2/P3 co-polymers formed a nematic
LC phase upon self-assembly, while P1 was in an amorphous
co-polymer. P1/P2 displayed bright phosphorescence in films at
room temperature, which were attributed to radical anions. Af-
ter UV exposure, the chiral co-assembled film showed stronger
CPRTP emission with |g,.,| = 7.89 X 1072 due to the forma-
tion of helical nanofibers. In addition, numerous endeavors have
been dedicated to dynamically controlling the helicoidal super-
structures of CLCs, including the modulation of the helical pitch,
reflection colors, and handedness by light due to its remote, lo-
cal, precise control, and temporal manipulation.[27:301-30] CLCs
have demonstrated the ability to selectively reflect light in re-
sponse to external stimuli including temperature, light, stress,
and electric and magnetic fields, etc.3%313] To achieve dynamic
control of the g, for CP-OURTP, our group!*'*l introduced an ef-
ficient method for achieving chirality modulation driven through
photoirradiation by employing a bilayered film, consisting of a
light-driven molecular motor doped soft helical superstructures
layer and RTP layer (Figure 16d). CLCs are stimuli-responsive
soft superstructures, with their helical pitch tunable by different
external stimuli such as electric field, 33173171 temperature,[2*!]
and light.[207235:301318322] Dynamic manipulation of the helical
pitch of CLCs is a pivotal research area given the significance
of their photonic applications in tunable color filters, sensors,
and communications, etc.[320323-326] The geometric changes of
the molecular motors in the LC matrix induced a significant, re-
versible modulation of the CLC, resulting in the switchable chi-
rality modulation of CPL. Traditional approaches for dynamic
modulation of the chirality and supramolecular organizations
in LCs are mainly based on molecular motors,[?2*3%’] molecular
switches, 83291 and photoswitches.[314321:323330-332] Generally, the
rotary motion of the molecular motors or chiral photoswitches
can alter the self-organized helical structure of CLC, resulting in
the handedness tunability. The obtained bilayered film exhibited
CP-OURTP, featuring a lifetime of 805 ms and a tailored g,
between 0.6 and 1.38 by photoirradiation. This novel approach
provides valuable insights into the advancement of CP-OURTP
materials aimed at manipulating the chirality in LC systems.
Guo et al.?¥] engineered a CP-OURTP emission with an
exceptionally high g, and outstanding visualization capabil-
ity based on a bilayer photonic film, which was achieved by
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Figure 17. a) Schematic illustration of the bilayer photonic structure. b) Photographs of photonic films under daylight, UV on and UV off, respectively.
c) Schematic illustration for the application of CP-OURTP. Reproduced with permission.[333] Copyright 2023, American Chemical Society.

incorporating N- and P-doped carbonized polymer dots (NP-
CPDs) into PVA (Figure 17). More precisely, CLC polymer films
were utilized as the selective reflective layer that converted the
non-polarized emission of NP-CPDs into circularly polarized
emission. The bilayer architecture of CPRTP system involved
doping carbonized polymer dots (CPDs into a PVA matrix, and
then embedded into the CLC polymer film, resulting in a high
Gium DY tailoring the helical structure of the cholesteric polymer.
CPDs not only possessed the polymer/carbon hybrid structure,
but also maintained the outstanding optical activities, which
allowed for the efficient self-trapping of the excited triplet states.
PVA, serving as a polymer matrix, could significantly improve
the stability of CPDs. Notably, the photonic film emitted the
green afterglow for more than 8.0 s with a remarkable g, of
1.09. Additionally, composite photonic array films with encryp-
tion capabilities were produced by changing the LC phase states
of the cholesteric polymer film and adjusting the dot coating po-
sition within the NP-CPDs/PVA layer. Furthermore, the unique
graphical patterns featuring CP-OURTP characteristics were
fabricated through changing the phase states of the cholesteric
polymer films and the NP-CPD coating position, demonstrating
potential for advanced information encryption.

Many efficient approaches have been developed to construct
the high-performance CP-OURTP materials with long lifetime
and high g values, largely accelerating the advancement of
CP-OURTP materials. Zhang, Yuan, and co-workers[®®! intro-
duced a straightforward and effective approach to design pure
CP-OURTP materials with a high g ., value based on CLCs, by in-
corporating a phosphorescent chromophore (dibenzofuran) into
a chiral cholesterol mesogen through a flexible spacer (Figure
18). The resulting compound, Chol-C6-DF, could form CLCs
with helical architectures that emitted yellow when excited by
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380 nm UV light with a g, of —0.19, a lifetime of 567.7 ms,
and the quantum yield of 3.2%. Figure 18a illustrated the CPRTP
mechanism of Chol-C6-DF film. Interestingly, the chiral choles-
terol also demonstrated the clustering-triggered emission char-
acteristics. Multicolor-tunable CP-OURTP with different colors
can be generated by changing the excitation wavelengths due to
the existence of the dual phosphorescent chromophores. Nev-
ertheless, because of the selective reflection of the CLC, left-
handed CPL(L-CPL) was reflected, whereas right-handed CPL(R-
CPL) was detected (Figure 18b). Upon excitation with 380 nm
UV light, the Chol-C6-DF film exhibited an absolute g, value
reaching up to 0.19 at 525 nm. While under the excitation of 255
or 460 nm light, the absolute values of g, measured 0.09 and
0.10 at 400 and 640 nm, respectively. These CP-OURTP materials
showcase the considerable potential for advanced applications in
anti-counterfeiting, and encryption technologies, and biological
imaging.

Xie and co-workers(***] synthesized a series of (R/S)-B-n-CzO
(where n = 4, 8, and 12) based on the binaphthol and the lu-
minescent carbazole-dibenzofuran for CP-OURTP (Figure 19),
which demonstrated the outstanding luminescent characteristics
in both solution and the solid phase. Subsequently, the obtained
compound was incorporated into a commercial LC monomer
to produce CP-OURTP materials (P-(R/S)-B-n-CzO) through
cross-linking the monomer by UV light (Figure 19a,c). Under
the L-CPF filter, the RTP intensity of P-(R)-B-4-CzO LC polymer
network surpassed that under the R-CPF filter, demonstrating
CP-OURTP behavior with g values ranging from 0.013 to
0.098. The cross-linked structures are crucial in the fabrication
of CP-OURTP materials. These findings indicate a bright outlook
for the development of the innovative and high-performance
CP-OURTP materials. Zhang, Yuan, and co-workers!**]
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and c) host achiral nematic LC (LC-242). Reproduced with permission.[334] Copyright 2023, Royal Society of Chemistry.

developed an effective method to construct long-lived CPP
materials by leveraging mesogen-jacketed LC polymers (M]L-
CPs). They used the phosphorescent monomer MJODFM and the
chiral monomer MJOChol to create homopolymers PMJODFM
and PMJOChol, and copolymers DFM(x)-Chol(y). While the
homopolymers PMJ0Chol and PMJODFM did not exhibit CPL
due to a lack of chiral phase structures, all copolymers DFM(x)-
Chol(y) displayed significant CPL characteristics due to the exis-
tence of the chiral helical columnar phase by copolymerization.
The CPL properties of these copolymers could be modulated by
varying the cholesterol component. The g, values for CPF and
CPP in copolymers initially increased and then decreased with
higher cholesterol content. DFM(0.6)-Chol(0.4) showed both
CPF with g, of —4.4 X 10~ and CPP with g, of =7.1 X 1073.
The phosphorescence lifetime was effectively enhanced up
to 252 ms due to the “jacketing” effect. This study offers a
straightforward and practical approach for preparing CPRTP
materials.
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Chen et al.1**] reported the axially chiral materials (R/S-chiral
guest) exhibiting blue organic phosphorescence, exceptionally
long phosphorescent lifetime, and strong CPL (Figure 20). Due
to their rigid axially chiral skeleton, these ultralong organic phos-
phorescent materials demonstrated intense CPL, achievinga g,
value of up to 0.34 when utilized as chiral inducers for LC ma-
terials. It is worth noting that hundredfold magnification can
be readily achieved by doping the axially chiral materials into
the achiral nematic LC (SLC1717) at extremely low concentra-
tion. In particular, the nematic LC doped with 1-2 wt% of R/S-1
(X = H) and R/S-2 (X = Ph) chiral guests exhibited g, values
of +0.21/-0.26 and +0.34, respectively, owing to the organized
arrangement of the nematic LC induced by the chiral dopant
(Figure 20b,c). This study offers a roadmap for developing novel
pure organic materials that feature both ultralong organic phos-
phorescence and intense CPL.

The manipulation of organized helical superstructure blocks
within LC media through chiral self-assembly has proven to be

© 2024 Wiley-VCH GmbH

85U8017 SUOWILWIOD 3A11e81D) 3|l dde 8y Aq peuienol a1e sajolie YO 9SN J0 Sa|nJ 10} Aeiq1T 8UUO /8|1 U (SUORIPUOD-PUE-SWLBI L0 A 1M A1 1[Bul UO//SdNU) SUOTIPUOD pue SWie 1 84} 88S *[5202/S0/0T] uo AkeiqiTauliuo A8im ‘Aisieniun BuifueN Ad 980vT202 WiPe/Z00T OT/I0p/W0d A8 | ARq 1 puljuo"peoueApe//Sdiy Wo.j pepeojumod ‘T 'S202 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

'ANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

(a)

g-4><10'3

RlS-Chlral Guest
(X =H, Ph)
\;ﬁﬂ A
< \Q\(
% - & o \
SLC 1717 (Host)

3o i

- ‘ > : (+)-CPL
\ \
; g~3 4x10
5
(9-CPL

Sl

0. T T v T
400 450 500 550 600 650
Wavelength(nm)

2000 ——S12wt%| g — 51 2Wt%
S 1000 ——S22wtel L] — s22wt%
G )
k-]
E 0 0.2
a
& ~1000 ——R-12wt%| £ 0.0
-2000 e R-2 2Wt% 0.2
0.6
S 041 _; :m:;" 04 —— R-1 2Wt%
8 0.2 ° -0.6- e R-2 2Wt%
. . : -

700 400 450 500 550 600 650

Wavelength(nm)

Figure 20. a) Diagram of 1 (X = H), 2 (X = Ph)-nematic LCs assembly for amplification. b) CPL spectra and c) g, curves of 1, 2-nematic LCs with
2 wt% doping after annealing. Reproduced with permission.[33¢] Copyright 2023, Springer Nature.

an effective approach for fabricating high-performance CPL ma-
terials. Zheng et al.[?*”] developed a new RTP system utilizing
an LC polymer, which was achieved by designing two axially chi-
ral emitters (BBXT-3-Br and BOHXT-3-Br) based on XT-3-Br and
axially chiral 1, 1’-binaphthol (BINOL) backbones (Figure 21).
XT-3-Br was identified as an RTP-active component owing to its
m-conjugated planar structure, which could constrain the inter-
nal molecular motions, thereby reducing the non-radiative tran-
sitions. BINOL, as an essential chiral compound, was selected
as a chiral dopant for CPL materials due to its good miscibility
with LC molecules. The twisted configuration of its two naphthyl
units in binaphthol hindered the formation of a densely packed
arrangement, rendering it an appropriate choice as the emitting
layer material in OLEDs. After the photo-initiated polymerization
of an LC monomer and two axially chiral emitters, the chiral self-
assembled LC polymers (BBXT-3-Br@PRM257 and BOHXT-3-
Br@PRM257) were obtained, featuring the distinct RTP char-
acteristics. It is worth noting that BBXT-3-Br@PRM257 enan-
tiomers displayed a blue CPL emission (|gg | = 0.071) with an
afterglow lifetime of 162.41 ms. While BOHXT-3-Br@PRM257
emitted the red RTP (|ggrp| = 0.057) with a lifetime of 98.83 ms.
This research presents a novel method for designing CPRTP ma-
terials utilizing the chiral self-assembled LCP framework.

3.3. Others
Endowing inorganic nanomaterials with CPL has facilitated

the development of CPL-active materials due to the benefits of
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stability, high quantum efficiency, and adjustable emission wave-
lengths. Luminophores such as quantum dots (QDs)[2°7:338-340]
and CDsl86:133139.264-265,341-343] with CPF have attracted significant
attention in detecting circularly polarized light and chiral opto-
electronics. Deng, Zhao, Tian, and co-workers!*!l introduced a
convenient and effective approach to achieve the efficient CPF
and CP-OURTP emissions in a bilayer composite film, consist-
ing of CDs and a chiral helical polymer (CHP), by utilizing the
chiral filter effect of the helical polymer (Figure 22). CDs with
RTP property were synthesized using a microwave method; The
RTP CDs/polyacetylene bilayer composite films were obtained by
spin-coating chiral helical polyacetylene onto the CDs/poly(vinyl
alcohol) (PVA) layer. Despite the straightforward interface contact
between the layer of CDs and the chiral helical polymer layer, sig-
nificant CPF and CP-OURTP were achieved, yielding g; ., values
of 1.4 x 107! and 1.2 x 1072, respectively. These chiral lumines-
cent films have potential applications in information displays.
Xiao, Suan, and co-workers***l developed a convenient
method for synthesizing intrinsically CPRTP carbonized poly-
mer dots (using the sodium alginate and L-/D-arginine as pre-
cursors (Figure 23). Notably, the color-adjustable CPRTP was ob-
tained by designing the chiral light-harvesting systems through
circularly polarized phosphorescence resonance energy trans-
fer (C-PRET). In such system, CPDs exhibiting green RTP,
acted as both the initiators of chirality and light absorption,
while the fluorescent dyes, served as the acceptors with the
emission colors from yellow to red (Figure 23b). By employ-
ing either one-step or sequential C-PRET processes, the light-
harvesting systems can achieve both energy transfer and chirality
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Figure 21. a) Chemical structures of compounds XT-3-Br, BBXT-3-Br, BOHXT-3-Br, RM257 and Irg651, and the preparation of BOHXT-3-Br@PRM257.
b) Photographs taken of the BBXT-3-Br@PRM257 after ceasing UV light exposure. c) CPL spectra and g, of BBXT-3-Br@PRM257 were recorded when
excited by 320 nm UV light. Reproduced with permission.[337] Copyright 2024, John Wiley and Sons.

transmission/amplification. The exhibited characteristics of mul-
ticolor long afterglow, and tunable lifetime, enables their poten-
tial applications in diverse information encryption scenarios. The
relevant studies of CP-OURTP materials with luminescent char-
acteristics are summarized in Table 1.

4. Applications

The research on CPP has attracted sustained and increas-
ing interest in recent years. CPP materials with high quan-
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tum efficiency are crucial for applications in the fields of
data encryption, advanced data anti-counterfeiting, optoelec-
tronic devices, and bioimaging. Currently, significant efforts
have been dedicated to developing novel CP-OURTP materi-
als with high g values. Due to their high luminescence
quantum yields, exceptional processability, and unique chi-
roptical properties, CP-OURTP materials have gained more
and more interest in the applications of circularly polar-
ized organic light-emitting diodes (CP-OLEDs) and encryption
displays.
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Figure 22. lIllustration of a) preparation of RTP carbon dots (CDs) and b) fabrication of CDs/chiral helical polymer composite films with circularly
polarized fluorescence (CPF) and CP-OURTP properties. Reproduced with permission.[*4] Copyright 2023, American Chemical Society.
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Figure 23. a) Schematic diagram for RTP carbonized polymer dots (CPDs) as chiral energy donors, molecular structures of achiral fluorescent dyes
as energy acceptors, and simplified Jablonski diagram depicting the mechanism of circularly polarized phosphorescence resonance energy transfer
(C-PRET). b) The letters “SDUT” written with PVA solution under the UV lamp on and off. Reproduced with permission.3#4] Copyright 2023, John Wiley
and Sons.
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Compound Strategy Lifetime |81uml Refs.
TPA-(R/S)-PEA Organic crystal 862 ms 2x 1072 [79]
S/R-COOCz 0.6s 2.2% 1073 [156]
(R, R)-DAACH 587 ms 2.3 x 10 [166]
(R/S)-PBNA Copolymerization 0.68 s 9.4x 1073 [167]
R/S-BPNaP 109.1 ms 0.84 x 1073 [169]
p(phNA-co-BrNpA)-PMMA Host—guest systems 4.53 ms 0.019 [170]
(R/S)-DMBDA-doped f-estradiol 0.67s 23 %1073 177
:ﬁﬁ;ﬁ?ﬁ:ﬁu ran 0565 0.12 [172]
Na-R/PVP 5.38 ms 5% 1073 [174]
Heterohelicenes 601 ms 0.001-0.002 [176]
0.16's 5x 1073 [185]
PAMCOOCzX/Fluc Copolymerization and 30s 1072 [186]
host-guest doping
Q-NH, @PVA fiber Spinning and twisting 1.08 s 1072 [187]
(R/S)-AHBP/CB[8] Supramolecular systems 0.49 ms 22x1073 [190]
LGIuP/DGluP 180 ms 10-3 (192]
PS-b-(M-1@PLLA) film \ 0.8 x 10-2 (205]
CNS CNC templates 1.082 s 0.13 [262]
CNCs/CDs 103 ms 0.47 [164]
CPLA films 40 min 0.67 [267]
CNCs/lignosulfonate
NPCNC 103 ms 021 [268]
8s 0.49 [269]
CPFP LCs Thermotropic chiral LC \ 1.57 [273]
RTP-CHS templates 735 ms 1.49 [274]
TPB doped CLCE 367 ms 0.93 298]
P1-SHS-M1
NP-CPDs/PVA 805 ms 138 314]
Chol-C6-DF 80s 1.09 1333]
(R/S)-B-n-CzO doped LCs 567.7 ms 0.19 [66]
R/S-2-nematic LCs 0.83-1.03 s 0.013-0.098 [334]
\ 034 1336]
BBXT-3-Br@PRM257 LC polymer 162.41 ms 0.071 1337]
CDs/CHP film Other 1235 1.2 % 102 4]

4.1. Applications Based on Traditional Strategies

Developing functional materials that can encrypt and decrypt
information more effectively is highly desirable. By leveraging
the excellent color-adjustable CPOA emission, Chen et al.[1%]
created a multicolor CP-OURTP display and a visual UV color
chart by using (R, R)-DAACH and (S, S)-DAACH (Figure 24a).
Specifically, the letters “C” and “O0” in “COO” were packed with
(S, S)-DAACH and (R, R)-DAACH, respectively. As the excita-
tion wavelengths changed from 254 to 365 nm, “COO” turned
from blue to yellowish green, indicting the successful fabrica-
tion of the multicolor CPOA displays. Zhao, Huang, An, and co-
workers!('%7] successfully generated CP-OURTP materials from
amorphous polymers via radical polymerization. These materi-
als applications can be applied in security information encryption
and flexible displays due to the straightforward processability and
long-lived emission of CP-OURTP (Figure 24b). Under UV light
exposure, the flexible films emitted blue light. Upon switching
off UV light, a yellow afterglow emission was observed for ~6 s
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by the naked eye at room temperature. Meanwhile, these poly-
mers exhibit advantages such as flexibility, large-scale prepara-
tion, and high transparency, enabling them to be manufactured
into flexible and large-area films. Ma, Tian, and co-workers!!”"]
developed photoinduced CP-OURTP materials with controllable
luminescent properties, flexibility, and plasticity, promoting the
development of advanced photonic technologies (Figure 24c).
When exposed to UV light, the polymethyl methacrylate (PMMA)
films exhibited light-printing functionalities and the facile sten-
cil printing was employed to construct informational patterns,
enabling the self-erasing transient information storage and anti-
counterfeiting. Under natural light, the numerical patterns re-
mained invisible on wood, paper, glass, and polyester surface.
However, the pattern gradually became visible, emitting orange
under the continuous irradiation of 365 nm UV. It is noteworthy
that although the number “0/5/0/9” displayed the similar emis-
sion color when excited by 365 nm UV, only the number “0/0” ex-
hibited a discernible positive CPP signal. These CP-OURTP ma-
terials are competitive candidates that can be effectively utilized
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Figure 24. a) Schematic illustration of multicolor displays under the irradiation of UV with different excitation wavelengths. Reproduced with
permission.!168] Copyright 2022, Springer Nature. b) Applications in information encryption. Reproduced with permission.['7] Copyright 2021, American
Chemical Society. c) Applications of the photoprogrammable CP-OURTP materials. Reproduced with permission.['7% Copyright 2022, Springer Nature.

for the chiro-optical applications with outstanding processability
and dynamic properties.

4.2. Applications Based on Lyotropic LC Systems

Screen-printing technology was utilized to create patterns on
phosphor films for application in security label (Figure 25a)./267]
While the phosphor patterns were not visible under white light,
they displayed different structural colors due to the CNCs in the
labels. However, the patterns became clearly visible under UV
light. After turning off UV light, the afterglow was observed,
which gradually diminished when the R- and L-CPFs were
placed on the label surface. Organic afterglow materials with
both high efficiencies and extended lifetime were desirable
yet difficult due to the competition between the lifetime and
the luminescence efficiencies. A multicolor CPLA integrated
information encryption system was designed by using materials
with different afterglows.[?”] Benefiting from the features of
time- and intensity-dependent light emission, the increasing
complexity of information encryption facilitates the develop-
ment for security demands. The remarkable capability of chiral
nematic nanoporous silica (CNS) films exhibiting CP-OURTP
with controlled handedness, presents the tremendous oppor-
tunities in the application of anti-counterfeiting optical labels
(Figure 25b).[22] In detail, the optical label was made of CNS-455
(blue), CNS-600 (orange), and CNS-900 (colorless). When put in
a black background under white light, the optical label exhibited
a blue-orange-colorless pattern; the color was visible under
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L-CPF but vanished under R-CPF. The remarkable chiroptical
characteristics exhibited by transparent CNS films enable the
potential applications in optical encryption or other chiral optical
devices. A white paper exhibited 16 letters emitting cyan light
when exposed to 365 nm UV, as depicted in Figure 25¢.2%%] Upon
the removal of 365 nm light, only three letters (C, P, and L) were
visible in green, indicating the potential for data encryption.
A display featuring an anti-counterfeiting pattern “888” by
using different phosphors under the irradiation of 365 nm UV
was demonstrated. The luminescent design depicted the digits
“969” in green phosphorescence upon the removal of UV light.
Upon placing a circular polarizer over the pattern, the digital
numbers showed the digits “354.” These findings showcase a
novel approach to multilevel data encryption and decryption.
The CNC films, exhibiting structural color, RTP, and CP-OURTP
have been regarded as competitive candidates for multi-channel
information encryption applications. Ye et al.?°] constructed an
information pad using nine hybrid films, consisting of PP-CNC-
396, NP-CNC-640, NP-CNC-409, and CNC-400 (Figure 25d).
PP-CNC-396, NP-CNC-409, and CNC-400 all exhibited blue
structural color, whereas NP-CNC-640 showed the red. The letter
“H” could be observed under sunlight, while under UV light
irradiation, the information disappeared as there was no visible
fluorescence in the hybrid films. After switching off UV light, the
films of PP-CNC-396, NP-CNC-640, and NP-CNC-409 exhibited
afterglow emission due to the presence of phosphors within the
films. Clearly, the letter “6” appeared with pixels emitting red
phosphorescence from pyrene within PP-CNC-396 films, while
the array displayed a letter “T” due to the afterglow effect of
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Figure 25. a) Circularly polarized long afterglow (CPLA) composite films under white light, under 365 nm UV light, and long afterglow under R-CPF
or L-CPF. Reproduced with permission.[?67 Copyright 2023, John Wiley and Sons. b) Applications of chiral nematic nanoporous silica (CNS) films in
anticounterfeiting. Reproduced with permission.[262] Copyright 2022, John Wiley and Sons. c) Experiment with an anticounterfeiting device. Reproduced
with permission.[268] Copyright 2024, Springer Nature. d) Applications of programmed CPRTP materials. Reproduced with permission.[26°] Copyright

2024, Elsevier.

NP-CNC-640 and NP-CNC-409 films. Remarkably, NP-CNC-640
exhibited R-CPRTP with a negative g, value, while L-CPRTP
displayed a positive g, in the visible region. Consequently, a
letter “V” and a punctuation “:” can be decoded under L-CPF
and R-CPF, respectively. As a result, encryption of data storage
using 5-channel information was achieved with a 3 x 3 pixel’s
array. Leveraging the versatility of the pixel array, any letter or
image could be stored across multiple channels, which shows
significant applications for information storage and encryption.

4.3. Applications Based on Thermotropic Chiral LC Systems

Based on the composite photonic film with the bilayer structure,
Guo et al.’* developed various graphical patterns with CPRTP
visualization (Figure 26). The NP-CPD/PVA solution, containing
nitrogen (N) and phosphorus (P) co-doped carbonized polymer
dots, was applied to the CLC polymer film through drop-coating
using the hollow templates printed with a Chinese knot design
(Figure 26a). After evaporating water from the NP-CPDs/PVA
solution, a photonic film featuring a Chinese knot design was
generated. Upon the irradiation of UV light, the blue Chinese
knot pattern was observed. After switching off UV light, a vi-
brant green Chinese knot became visible either to the naked eye
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or through a L-CPF, appearing dark under a R-CPF. More intrigu-
ing designs were accomplished by manipulating CLC phase state.
The composite photonic film displayed visible CP-OURTP when
the top layer was in CLC phase within a suitable helical pitch.
Nevertheless, when the top layer was in isotropic state, the pho-
tonic film exclusively emitted RTP but without any circularly po-
larized property. The CLC polymer film with tunable phase state
was constructed by two-step photopolymerization. When observ-
ing the phosphorescent state with an L-CPF, only the panda’s out-
line was discernible; the complete panda became visible when
viewing through an R-CPF (Figure 26b). Different graphical pat-
terns distinguished by CP-OURTP visualization were success-
fully fabricated through using the bilayer photonic film by con-
trolling either CLC phase state or the shape of NP-CPDs/PVA
layer.

5. Summary and Perspectives

In this review, we present the recent advancement in CP-OURTP
materials, emphasizing their critical significance in technologi-
cal applications, such as in data encryption, advanced data anti-
counterfeiting, and optoelectronic devices. This review provides
a comprehensive overview of the up-to-date development in the
construction of the CP-OURTP materials, which mainly includes
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the fundamental design and synthesis of CP-OURTP materi-
als with high luminous efficiencies and long lifetime through
the strategies of organic crystals, copolymerization, host-guest
doping, a combination of the copolymerization and host—guest
doping, spinning and twisting technology, and supramolecular
polymer assembly. Inspired by the chirality amplification of chi-
ral LCs that can selectively reflect one polarized light but trans-
mit the other due to the periodic helical superstructures, the
CP-OURTP with high g, based on chiral soft matter systems,
involving LLCs and chiral thermotropic LCs are systematically
discussed. We then summarize the current challenges for CP-
OURTP materials and put forward corresponding perspectives
to circumvent the dilemmas. This overview of CP-OURT ma-
terials is anticipated to provide a promising platform and guid-
ance for the fundamental understanding of CP-OURTP materials
and provoke the cutting-edge development of CP-OURTP materi-
als toward the next generation applications in anti-counterfeiting
technologies. Despite great efforts obtained in the realm of RTP
materials, many novel approaches have been developed to ac-
celerate the maturation of this exciting field. CP-OURTP mate-
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rials are still in their infant stages of development and current
research still encounters several challenges.

1) Most reported CPP systems exhibit low g, ranging from
10~* to 102 by utilizing chiral small molecules as the chiral
source for the fabrication of CP-OURTP materials, which are
still far from satisfying the requirements of applications. The
inherent single molecular chirality in these molecules can in-
duce low degrees of polarization, thereby leading to low g,
Currently, only a few cases such as RTP-chiral LC systems,
have achieved high g, values exceeding 10~!. While chiral
LChosts can significantly enhance the g, due to the intrinsic
chirality amplification, the compatibility issue between LCs
and RTP polymers remains unsolved, which obviously hin-
ders the advancement of CP-OURTP materials. Therefore,
substantial efforts are urgently needed to develop novel RTP
materials that have better compatibility with chiral LCs to
guarantee high g values, long lifetime, and high quantum
yields by strengthening the spin—orbit coupling (SOC)!** with

© 2024 Wiley-VCH GmbH
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the ISC process and restricting the molecular motions to sup-
press non-radiative decays of triplet excitons.

2) Given that CLCs selectively reflect circularly polarized light
with the same handedness as their helix, the dynamic manip-
ulation of CLC handedness upon external stimuli holds great
promise for developing stimuli-responsive CP-OURTP mate-
rials for diverse technological applications. Chiral molecular
photoswitches or molecular motors with high helical twisting
power, which confer the handedness inversion capability to
CLCs upon light irradiation, require to be strategically and ju-
diciously designed to have a good compatibility with LCs. Dy-
namically controlling the handedness in stimuli-responsive
CPL materials has been investigated extensively but remains
challenging in CP-OURTP materials, particularly in the suc-
cessful manipulation of g, in a wide spectra range. The cur-
rent focus of research revolves on the combination of light-
driven handedness inversion of CLCs with RTP materials due
to the benefits of the remote and spatiotemporal control over
CLGCs.

3) A range of structural-colored materials have been developed
by utilizing cholesteric cellulose LCs to achieve dynamic pho-
tonic adaptability and intricate patterns with high resolution.
It is imperative to develop the structurally colored chiroptical
CP-OURTP materials with tunable handedness and excellent
processability in cholesteric cellulose LCs systems, using the
developed chemical 2D and 3D printing,**! and soft lithogra-
phy patterning techniques toward the tunable and sustainable
photonic structures. Recently, expediting CPL-active for secu-
rity ink applications or printing CPL-active materials based on
hydroxypropyl cellulose (HPC)[3*6347] enables the construc-
tion of the desired flexible stereoscopic displays due to their
distinct optical rotation features. However, the absence of
printable CP-OURTP materials hampers the realization of
flexible 3D devices. The development of the controllable and
macroscopic production methods for printable CP-OURTP-
active photonic paints, will undoubtedly enrich the printing
of customized graphics. Therefore, it is necessary to advance
the controllable and large-scale manufacturing technique for
printable CP-OURTP-active materials for the printing of cus-
tomized graphics.

4) The predominant CPP-OLEDs utilize the precious metal
complexes with high cost and complicated preparation
conditions, '] whereas there are almost no reports on the
utilization of emerging pure RTP materials with the dis-
tinct advantages of nontoxicity, long lifetime, and large Stoke
shift. The novel CP-OURTP systems require the sophis-
ticated molecular designs that meet the requirement of
both chiral induction and stable triplet excitons, to achieve
the long-lasting emission and high g,. Effective chirality
transfer from chiral to phosphorescent constituents can be
achieved via either covalent bonding or non-covalent interac-
tions like hydrogen bonding, z—z stacking interactions, elec-
trostatic interactions, and others. In addition, constructing
a rigid environment to suppress the non-radiative decay of
triplet state excitons is crucial for the long-lasting emission,
which can be achieved by constraining molecular motion
through the crystallization, or host-guest doping systems,
supramolecular polymers, CNC templates, and LC polymer
doping. Supramolecular polymers are typically created from
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supramonomers through highly directional noncovalent in-
teractions, including hydrogen bonding, van der Waals, and
n—7 interactions. Molecules need to be specially engineered
to exhibit these strong interactions and include a chiral cen-
ter that facilitates chiral self-assembly into supramolecu-
lar nanostructures. The supramolecular nanostructures with
dense packing can effectively suppress molecular motion, de-
crease non-radiative decay, and enhance long-lasting emis-
sions at room temperature. For CNCs, they can be assembled
with water-soluble polymers such as PVA, polyethylene gly-
col, or RTP polymers to create responsive photonic films via
hydrogen-bonding interactions. The PVA or polyethylene gly-
col network can build a rigid polymer microenvironment that
restricts molecular motion and prevents oxygen quenching,
playing a crucial role in suppressing the non-radiative decay
of RTP polymers and enabling the long-lasting emission. For
LC polymers, effectively controlling the degree of polymeriza-
tion allows for the considerable CPRTP in LC polymer sys-
tems while preserving self-organized helical superstructures.
On the one hand, incorporating RTP polymers into LC poly-
mers can effectively produce long-lasting CPRTP, as the ex-
tensive interactions among polymer chains can significantly
restrict molecular motion of RTP molecules, thereby reducing
the non-radiative relaxation pathways. Additionally, introduc-
ing organic phosphorescent luminogens into LC polymers
that contain dynamic covalent bonds enables the phosphores-
cent guest molecules to effectively compensate for the rigidity
limitations of LC polymers. Therefore, long-afterglow CPRTP
can be obtained from the rigid LC polymers, which can sup-
press the non-radiative triplet states.

Undoubtedly, CP-OURTP materials have attracted consider-
able attention for the scientific investigations and practical ap-
plications, significantly contributing to the progress of the func-
tional and smart materials with various possibilities. The signif-
icant advancement of luminescent materials achieved in recent
decades has laid a sturdy foundation for potential applications
for CP-OURTP materials. The progress of advanced CP-OURTP
materials is anticipated to offer unlimited opportunities, ensur-
ing that it remains a thriving research field with the collaboration
from multidisciplinary fields such as chemistry, biology, materi-
als science, physics, nanoscience, and beyond. This review could
offer crucial insights into the design of CP-OURTP materials,
shedding important light on the development of multifunctional
and high-performance novel organic molecules for advanced op-
toelectronic applications.
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