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1. Introduction

Circularly polarized light (CP light) refers to light in which the
electromagnetic vector propagates in a circular motion. When it
direction of propagation,
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Circularly polarized luminescence of
macromolecular co-assembly systems

Ming-Jun Ji,®® Meng Li*® and Chuan-Feng Chen @ *2

In recent years, materials with circularly polarized luminescence (CPL) properties have attracted increasing
attention from both academia and industry due to their promising applications in 3D displays, anti-
counterfeiting encryption, optical data storage, bioimaging, and spintronic devices. Among these materials,
macromolecular co-assembly systems have emerged as one of the most appealing candidates, offering
advantages such as improved processability and enhanced luminescence dissymmetry factors. In this
review, we systematically summarize recent representative advances in macromolecular co-assembly
systems with CPL properties, categorizing them into three main types: (1) co-assembly systems comprising
a macromolecular dye, (2) co-assembly systems comprising a macromolecular chiral inducer, and (3) co-
assembly systems comprising both a macromolecular chiral inducer and a macromolecular dye. These
systems encompass a wide range of macromolecular structures, including both biomacromolecules and
synthetic polymers. Furthermore, we discuss the existing challenges in macromolecular CPL co-assemblies
and provide an outlook on future research directions. We believe this review will enable researchers across
multiple disciplines to quickly grasp the current status of macromolecular CPL co-assembly systems and
inspire further exploration and innovation in this rapidly evolving field.

electromagnetic vector rotates in a clockwise direction, the light
is termed right-handed CP light, and if it rotates counterclock-
wise, it is termed left-handed CP light (Fig. 1a)."* One of the key
parameters of CP light is the luminescence dissymmetry factor
(gium)- Depending on the emission mechanism, this dissymmetry
factor can be further divided into photoluminescence dissym-
metry factor (gpr) and electroluminescence dissymmetry factor
(ger)- The gium value is defined as gjum = 2(I;, — Ig)/(IL, + Iz), where
I represents the emission intensity of left-handed CP light and Ix
represents the emission intensity of right-handed CP light.*
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(a) Schematic illustration of left- and right-handed circularly polarized light and the definition equation of g,ym. (b) Diagram showing the

generation of circularly polarized light by passing unpolarized light through a linear polarizer and a quarter-wave plate. (c) Schematic repre-
sentation of the conversion of unpolarized light into circularly polarized light via the selective reflection—transmission mechanism of liquid
crystals. (d) Illustration of circularly polarized light generation from chiral luminescent molecules under optical excitation, along with the rela-
tionship between the g,m value, electric transition dipole moments (u) and magnetic transition dipole moments (m).

According to this definition, if the light is purely left-handed CP
light, the gium value is +2; for purely right-handed CP light, the
Zium value is —2. In cases where the light is unpolarized, linearly
polarized, or the emission intensities of left- and right-handed
CP light are equal, the gj,m, value is 0.

Currently, there are several methods to generate CP light.
One approach involves optical components, primarily a polar-
izer and a /4 wave plate (Fig. 1b).>” The polarizer transforms
unpolarized light into linearly polarized light (LP light). When
this linearly polarized light passes through the /4 wave plate,
the resulting light depends on the angle between the linear
polarization direction and the fast or slow axis of the wave
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plate. When the angle between the polarization direction of the
linearly polarized light and the fast-slow axis of the wave plate
is 45°, the magnitudes of the components along the fast and
slow axes are equal, resulting in CP light. For other angles,
elliptical polarization is generated. Therefore, by adjusting the
angle between the polarizer and the A/4 wave plate, it is
straightforward to generate pure left-handed or right-handed
CP light with a gy, value of +2.

Another method to generate CP light with high gj,m values is
through chiral nematic liquid crystals (N*LCs), also called
cholesteric liquid crystals (CLCs). The mechanism behind high
Zium values in chiral nematic liquid crystals is the selective
reflection of light by the liquid crystal structure (Fig. 1c).>*” The
reflection wavelength of N*-LCs follows the Bragg reflection
formula: nA = 2p X sin ¢, where 2 is the reflection wavelength, p
is the pitch, and ¢ is the angle between the incident light and
the liquid crystal surface. When unpolarized light with a wave-
length matching the reflection wavelength of the N*-LC strikes
the surface of N*LC, the light is decomposed into left- and
right-handed CP light. Light with the same handedness as the
helical twist of the liquid crystal is selectively reflected, while
light with the opposite handedness is transmitted. These
systems can easily produce CP light with a gj,,, greater than 1.5.
However, in the case of optical components or chiral nematic
liquid crystals, generating CP light essentially eliminates one
component of the polarization direction in the original unpo-
larized light, leading to a pure CP light of the opposite hand-
edness. Therefore, both the optical component method (using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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polarizers and /4 wave plates) and the selective reflection
mechanism of chiral nematic liquid crystals result in significant
energy loss, typically greater than 50%.

To overcome the energy loss, researchers have focused on
the development of materials with circularly polarized lumi-
nescence (CPL) properties (Fig. 1d). Due to their CPL prop-
erties, these materials have gained considerable attention for
potential applications in fields such as 3D displays, anti-
counterfeiting, high-definition displays, and optoelectronic
devices.'®* However, despite their broad potential, practical
applications of CPL materials remain limited. One of the most
challenges is the relatively low g, values, which, in early
studies, were only on the order of 10~ to 107>.22° Therefore,
developing new strategies to improve the gy, values is crucial
for advancing real applications of CPL materials. The gjym
value is related to the electric and magnetic transition dipoles
of the system, expressed by the formula g, = 4 cos 0|u||m|/
(Ju|* + |m|?), where u represents the electric transition dipole,
m represents the magnetic transition dipole, and ¢ is the
angle between these two dipoles. In most cases, the electric
transition dipole is much larger than the magnetic transition
dipole (u > m), so the formula can be approximated as gj,m =
4 cos flm|/|u|. From this, it is clear that the gj,m, value is
proportional to the magnetic transition dipole and inversely
proportional to the electric transition dipole. In this case,
lanthanide metal complexes can achieve high gy, values,
exceeding 1 or even higher.?*** This is due to their strong
spin-orbit coupling, which enhances the magnetic transition
dipole moment. However, in pure organic systems, the high
electric transition dipole moment and the negligible
magnetic transition dipole moment make achieving a high
Zium value a significant challenge.****

To enhance the g, values in pure organic systems, a prom-
ising strategy is the assembly of chiral molecules. Chiral helical
molecular assemblies exhibit strong orbital angular momentum,
which can induce spin polarization and spin selectivity through
spin-orbit coupling, thereby facilitating an increase in the gym
value.**° These efforts have led to a substantial increase in gjym
values of pure organic systems from the 10~* range to the 10>
range.**** Some reviews have summarized these advancements in
self-assembled systems."**** However, a major challenge in the
synthesis of chiral luminescent molecules is the complexity and
high cost associated with chiral resolution. To avoid the use of
chiral luminescent molecules, recent research studies have shifted
toward co-assembly systems formed by achiral dye and chiral
inducers, like achiral luminescent small molecules and chiral
small molecular inducers.*?***' Except small molecules, macro-
molecules can also be utilized not only as achiral luminescent
materials but also as chiral inducers. Upon chiral co-assembly,
these macromolecules exhibit remarkable CPL performance.
Furthermore, compared to small molecules, polymers offer greater
structural and functional diversity, which can be easily achieved by
various synthetic strategies such as homopolymerization, alter-
nating copolymerization, non-strictly alternating copolymeriza-
tion, random copolymerization, block copolymerization, and
homopolymerization. Additionally, polymers possess the advan-
tage of facile processability, making them highly suitable for

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

\ O
4 O,
, O~

2

a)

Macromolecular

Rl Cossomiie
L

Chiral inducer

o Ng”

{

CPL co-assembly system

<>

‘/\j\//
b) Macro chiral ﬁ @ ﬁ
N}iy [ Co-assemble - NG
> & &
Dyes ’/\\} /
<>

CPL co-assembly system

c) Macro chiral

"’fd"ci’s/' 0-assemble .
— " . ey SE<

Macromolecular dyes CPL co-assembly system

Fig. 2 Classification of macromolecular CPL co-assembly systems as
discussed in this review. (a) Co-assembly systems comprising
a macromolecular dye. (b) Co-assembly systems comprising
a macromolecular chiral inducer. (c) Co-assembly systems comprising
both a macromolecular chiral inducer and a macromolecular dye.

practical applications. However, there is currently no compre-
hensive review that summarizes the work on macromolecular co-
assembly systems with CPL, including CPPL and CPEL, properties.
Therefore, this review aims to summarize the macromolecular co-
assembly systems that can achieve CPL, discussing how factors
such as the type of luminescent molecules, chiral dopants, doping
ratios, film thickness, and annealing temperatures influence the
Zium values of the co-assembly systems. During our review, we
found that these co-assembled systems involve not only synthetic
polymers but also biomacromolecules such as peptides, deoxy-
ribonucleic acid (DNA), and cellulose. Thus, it should be noted
that throughout this article, we predominantly use the term
macromolecule rather than polymer. This distinction is made
because, in a strict sense, the term macromolecule encompasses
both biomacromolecules and synthetic polymers, whereas the
term polymer specifically refers to synthetic macromolecules
composed of repeating monomeric units.

This review categorizes the discussed CPL co-assembled
systems into three types: (1) co-assembly systems comprising
a macromolecular dye (Fig. 2a), (2) co-assembly systems
comprising a macromolecular chiral inducer (Fig. 2b), and (3) co-
assembly systems comprising both a macromolecular chiral
inducer and a macromolecular dye (Fig. 2c). We hope this review
will provide guidance for the future design of CPL macromolecular
co-assembly systems. Additionally, this review focuses specifically
on co-assembly systems that directly emit CP light, including
photoluminescent and electroluminescent systems, rather than
liquid crystal co-assembly systems based on selective reflection.

2. Co-assembly systems from
macromolecular dyes
2.1. Binary co-assembly systems

Although CPL co-assembled macromolecular systems have only
recently emerged as a research hotspot, several representative

Chem. Sci., 2025, 16, 12277-12292 | 12279
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studies were conducted between 2010 and 2020. In 2012, Akagi's
group reported a co-assembled macromolecular system using
a poly(para-phenylene) (PPP, Fig. 3) derivative with terminal
quaternary ammonium cation substituents and an axially chiral
biphenyl derivative (R/S-BNP, Fig. 3) functionalized with long-
chain alkoxy sulfonate anions.** The introduction of quater-
nary ammonium cations and sulfonate anions imparted water
solubility to PPP and R/S-BNP. By dissolving PPP and R/S-BNP
separately in methanol and water at equal concentrations and
mixing them in different volume ratios, a series of PPP-BNP co-
assembly systems were formed. These assemblies adopted an
intermolecular helical m-stacked structure, stabilized by elec-
trostatic and m-7 interactions. The assembled PPP-BNP
exhibited CPL activity with a |gjum| value of up to 3.0 x 107> in
solution. Upon further aggregation, the system formed spher-
ulites (semi-crystalline nanospheres) displaying blue CPL. This
was the first example of helically structured spherulites con-
structed from m-conjugated polymers. This work represents an
early milestone in CPL co-assembled macromolecular systems.
However, due to aggregation-caused quenching (ACQ), the
luminescence intensity of the PPP-BNP assembly was lower
than that of PPP alone.

Poly(p-phenylene) polymers can generate macromolecular
co-assembly systems with CPL properties by chiral co-assembly;
however, the most commonly used and more effective polymers
in CPL co-assemblies are polyfluorene derivatives, particularly
those based on poly[9,9-dioctylfluorene-co-benzothiadiazole]
(F8BT, Fig. 3). In 2013 and 2017, Fuchter's group® and Kim's
group® employed chiral inducers aza[6]helicene, [7]helicene,
and R/S-5011 (Fig. 3) to achieve chiral co-assembly with F8BT,
respectively. The macromolecular co-assembly systems with
CPL properties can successfully integrate into circularly polar-
ized organic light-emitting diodes (CP-OLEDs). While these two
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Fig. 3 Chiral inducers and luminescent macromolecules used for
constructing binary co-assembly systems with CPL properties
generated by Akagi's group, Fuchter's group and Kim's group.
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studies seemingly differed only in the choice of chiral inducers,
the distinct inducers led to different mechanisms of CP light
generation within the co-assemblies. In Fuchter's study, the
Zgium value of the CPL emission exhibited a strong positive
correlation with the helicene doping concentration, while it
remained independent of the film thickness. Specifically, when
the helicene doping ratio was 7%, gpr, and gg;, were both 0.2, and
at 53% doping gpr, and ggy, could reach 0.5. This result indicated
that the CPL in this macromolecular co-assembly system orig-
inated from the chiral dopant itself, meaning that the helicene
imposed a helical molecular conformation onto the F8BT host
material. In contrast, Kim's study demonstrated that the CPL
activity of the 5011-F8BT co-assembled system was strongly
dependent on film thickness, with g, increasing as the
thickness increased. At a thickness of 200 nm, |gpr| and |gg.| of
the co-assembly system reached remarkably high values of 0.72
and 1.13, respectively. Additionally, a uniform twisted align-
ment was achieved only after thermal annealing, which is
essential for the generation of CPL properties. These findings
suggest that R/S-5011, possessing a high helical twisting power
(HTP), induced macroscopic twisted stacking of the F8BT host
in this co-assembly system, differing from the direct molecular-
scale helical conformation formation observed in Fuchter's
system. Moreover, the exceptionally high g, values achieved in
Kim's work were not solely due to the high HTP of 5011. His
study also incorporated a polyimide (PI) friction-aligned layer,
which facilitated a more ordered co-assembly of 5011 and F8BT,
further enhancing the gj,m,. If without friction alignment, the
co-assembled film exhibited CPL with only |gp| = 0.46 and |ggy|
= 0.71. The pioneering contributions of Fuchter and Kim
provided valuable insights for the future design of CPL co-
assembled macromolecular systems, particularly for circularly
polarized electroluminescent (CPEL) devices.

Entering the 2020s, macromolecular-based CPL
assembled systems have yielded numerous significant
advancements, with notable contributions from research
groups such as Cheng, Chen, and Zhang. Over the past five
years, these studies have greatly expanded the understanding of
CPL macromolecular co-assembly systems. Early work by
Cheng's group demonstrated that linking the two oxygen atoms
of axially chiral binaphthol via a methylene bridge resulted in
binaphthol derivatives with a locked dihedral angle, thereby
enhancing molecular rigidity and improving chiral induction
ability.>>*® On the other hand, pyrene and its derivatives are
essential blue-emitting chromophores with strong supramo-
lecular assembly capabilities.”””*® Thus, Cheng's research
focused on using binaphthol derivatives with a locked dihedral
angle (R/S-M, Fig. 4) as chiral inducers, while pyrene-containing
polymers served as luminescent polymers to construct CPL co-
assembled systems with various properties. In 2022, they
utilized chiral inducers R/S-M with a locked dihedral angle to
co-assemble with polymers containing liquid crystalline
segments (LC-P1, LC-P2, and LC-P3, Fig. 4).°* Through optimi-
zation of the doping ratio, they found that at a 10% doping level
of R/S-M, the resulting (R/S-M)y.1—(P)o.o exhibited the most effi-
cient chiral assembly. The corresponding gp;, values of the co-
assembled LC-P1, LC-P2, and LC-P3 systems reached 2.23 x

CO-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Chiralinducers and luminescent macromolecules used for constructing binary co-assembly systems with CPL properties based on R/S-M

generated by Cheng's group.

1072, 2.25 x 1072, and 6.47 x 102, respectively. The higher gp.
value of LC-P3 compared to LC-P1 and LC-P2 was attributed to
the relatively flexible polymer backbone of LC-P3. Furthermore,
this flexibility facilitated helical nanofiber configuration inver-
sion upon thermal annealing, leading to a reversal of the CPL
signal. For instance, (S-M),.1-(P3)o.o exhibited a negative CPL
signal below 95 °C (determined solely by the chiral inducer S-
M), but upon annealing above 100 °C, the signal reversed to
positive. This work developed a strategy by using thermal
annealing of macromolecular-based chiral co-assembly mate-
rials to achieve direction adjustable CPL.

In recent years, white circularly polarized luminescence
(WCPL) has attracted increasing attention from both academia
and industry due to its potential applications in next-generation
lighting and flat-panel displays.®*® In 2023, Cheng and
colleagues synthesized three achiral conjugated random
copolymers, BP, c-WP, and w-WP (Fig. 4), by copolymerizing the
blue-emitting 9,9-dioctylfluorene (FO), the green-emitting 2,1,3-
benzothiadiazole (BT), and the red-emitting 4,7-di(thiophen-2-
yDbenzo[c][1,2,5]thiadiazole (DTBT).** By tuning the composi-
tion of copolymers, they obtained blue (BP), cool white (c-WP),
and warm white (w-WP) emitting copolymers with the
Commission Internationale de 1'Eclairage (CIE) coordinates of
(0.18, 0.21), (0.44, 0.44), and (0.33, 0.36), respectively. Subse-
quently, these three copolymers were co-assembled with the
locked dihedral angle chiral inducer R/S-M. Due to - stacking
interactions and the formation of well-ordered helical nano-
fibers, the resulting co-assembled systems exhibited CPL
activity. Optimization of the doping ratio revealed that the most
efficient chiral assembly was achieved at a 20% R/S-M content,
leading to the highest gj,m values. (R/S-M),,—(BP)y.s exhibited
lgpL| = 4.3 x 10”2 at 438 nm, while (R/S-M), ,~(W-CP)o s and (R/S-
M)o.o—(c-WP)o s reached |gpr| values of 3.6 x 102 and 5.3 x
1072, respectively. More importantly, when integrated into
devices, (R/S-M)y.—(c-WP)og as the emissive layer (EML)
demonstrated outstanding white circularly polarized electrolu-
minescence performance, with CIE coordinates of (0.33, 0.33),

© 2025 The Author(s). Published by the Royal Society of Chemistry

a remarkably high color rendering index (CRI) exceeding 80 and
reaching 98, and an impressive |gg;| of 8.7 x 1072, These results
represented the highest performance level of CP-WOLEDs at
that time and provided a viable strategy for high-performance
CP-WOLED design.

Chen's research group has focused on utilizing the highly
helically twisted chiral inducer R/S-5011 to construct CPL co-
assembled systems with diverse properties. In 2024, they
synthesized a novel chiral polymer (R/S-PBN, Fig. 5a) by linking
axially chiral binaphthyl to a boron-nitrogen (BN) unit and
copolymerizing it with 9,9-dihexylfluorene.®® This polymer
exhibited excellent self-assembly properties. The resulting self-
assembled system demonstrated narrowband CPL emission
with a full-width at half-maximum (FWHM) of 29 nm, a photo-
luminescence quantum yield (PLQY) of 79%, and a |gpy| value
reaching 0.11. When incorporated as the EML in a device, the
system achieved a CPL electroluminescence (CPEL) with an
FWHM of 36 nm, an external quantum efficiency (EQE) of 9.8%,
and a |ggr| of 0.07. This work represented the first example of
a self-assembled chiral polymer simultaneously achieving high
EQE, large gg;, and narrowband emission.

Stimuli-responsive CPL materials have garnered significant
attention for their applications in optical information storage
and encryption.®® In the same year, Chen's group developed
a novel non-chiral conjugated polymer, PFIQ (Fig. 5b), by
copolymerizing isoquinoline with 9,9-dioctylfluorene.” By co-
assembling PFIQ with R/S-5011 at a 7:3 ratio, they obtained
a pair of CPL co-assemblies, P7R3 and P7S3, which exhibited
a remarkable |gp; | value of 0.3. Notably, the isoquinoline units
in PFIQ enabled reversible protonation and deprotonation,
allowing for reversible tuning of the emission color via simple
acid/base vapor treatment. This reversible acid-base response
provided an effective strategy for information encryption and
decryption. More importantly, this co-assembled system
successfully realized CPL energy transfer (CPL-ET), wherein the
CPL generated by P7R3 and P7S3 effectively excited multicolor
non-chiral emitters to produce secondary CPL emission. This

Chem. Sci., 2025, 16, 12277-12292 | 12281
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study marked the first demonstration of a CPL system where the
emitted CP light from non-chiral molecules retained the same
Zium value as the incident CP light (Fig. 5b). Leveraging the
reversible acid-base response of P7R3 and P7S3 along with the
CPL-ET mechanism, the system was further applied in the
construction of multi-level logic gates, showcasing its potential
for advanced optical information processing.

Beyond the contributions from Cheng' research group and
Chen's research group, there have been additional advance-
ments in the co-assembly of chiral inducers and macromolec-
ular dyes for constructing CPL co-assembled systems. From the
perspective of WCPL, achieving precise and dynamic control of
CPL in co-assembly films remains a significant challenge.

12282 | Chem. Sci., 2025, 16, 12277-12292

Zhang's group also worked on macromolecule-based CPL
systems.®*”® In 2024, Zhang's group introduced an addition-
subtraction principle for polymer systems. Unlike Cheng's
approach, which directly synthesized white-light-emitting
polymers through copolymerization of red, green, and blue
(RGB) monomers (Fig. 6a), Zhang's strategy involved blending
three polyfluorene-based copolymers (P1, P2, and P3, each
emitting in the blue, green, and red spectral regions, respec-
tively), to achieve white-light emission in polymer assemblies
(Fig. 6b).”® By systematically tuning the doping ratio of these
polymers and correlating the resulting co-assembly systems
with the CIE coordinates, they established a linear relationship:
CIE(x, y) = f{P1, P2, P3). Building upon this principle, a co-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assembled film with an ideal white CPL emission (CIE coordi-
nates = (0.33, 0.33), |gpL| = 1.4 x 102, and PLQY = 80.8%) was
obtained when P1, P2, and P3 were blended at a 70: 30 : 2 ratio
and assembled via evaporation onto a quartz substrate induced
by chiral limonene. Furthermore, after removing the chiral
source (limonene) and performing an acetal reaction to cross-
link the polymers, the resulting crosslinked film retained its
CPL properties, demonstrating the structural stability of the
chiral co-assembly (Table 1).

Regarding the types of chiral inducers, the aforementioned
studies primarily employed axial chiral inducers, central chiral
limonene, and helically chiral spirocyclic inducers. In 2024,
Mazaki's group developed and utilized CPL-active planar chiral
carbazole-substituted [2.2]paracyclophane ([2.2]PC) derivatives,
R/S-1a (Fig. 7, |gpL| up to 4.7 x 10~*) and R/S-1b (|gp| up to 3.2 x
10~%), as chiral inducers.” These molecules co-assembled with
F8BT via - interactions to form the 1a-F8BT and 1b-F8BT
assemblies. When the chiral dopant concentration was set at
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CPL co-assembly system. (b) Schematic strategy of Zhang's group for

3%, R/S-1a-F8BT exhibited a |gpr | value of 1.0 x 10~ 2 at 548 nm.
However, the introduction of bulky tert-butyl groups in R/S-1b
disrupted 77 interactions between the carbazole moiety and
the F8BT backbone, leading to R/S-1b-F8BT to exhibit a lower
lgoL| Of 2.6 x 107 at 548 nm.

2.2. Ternary co-assembly systems

In Section 2.1, we discussed various binary co-assembled
systems comprising chiral inducers and emissive polymers.
Some of them have even been successfully applied in CP-
OLEDs. These pioneering studies have introduced novel chiral
inducers and luminescent molecular architectures, as well as
innovative assembly strategies for CPEL. However, the relatively
low EQE of these binary co-assembled systems has limited the
overall performance of CP-OLED devices. Therefore, achieving
high |gg; | values while simultaneously enhancing EQE remains
a critical challenge for optimizing CP-OLED performance. To

Table 1 CPPL properties of the macromolecular dyes in binary co-assembly systems

Entry Assembly systems PL (nm) PLQY (%) lgpe| (1072) Ref.
1 R/S-BNP-PPP 414 — 3.1 52
2 Aza[6]helicene-F8BT 580 — 50 53
3 [7]Helicene-F8BT 580 — 50 53
4 R/S-5011-F8BT 546 72 54
5 R/S-M-LC-P1 510 6.2 2.23 61
6 R/S-M-LC-P2 565 6.9 2.25 61
7 R/S-M-LC-P3 455 48.5 6.47 61
8 R/S-M-BP 458 38 4.3 64
9 R/S-M-w-WP 452/528/606 41 3.6 64
10 R/S-M—-c-WP 456/518/606 42 5.3 64
11 R/S-5011-PFIQ 435 79 30 67
12 R/S-Limonene-P1-P2-P3 464/525/624 80.8 1.4 76
13 R/S-1a-F8BT 548 — 1.0 77
14 R/S-2a-F8BT 548 — 0.26 77

© 2025 The Author(s). Published by the Royal Society of Chemistry
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R/S-1a

Fig. 7 Chiral inducers and luminescent macromolecules used for
constructing binary co-assembly systems with CPL properties
generated by Mazaki's group.

address this issue, both Cheng's group and Chen's group
employed Forster resonance energy transfer (FRET) processes in
2023 and 2024, respectively, to enhance the EQE of co-
assembled CP-OLEDs. In 2023, Cheng's group designed chiral
inducers R/S-1Cz and R/S-2Cz (Fig. 8a), which are carbazole-
substituted, axially chiral binaphthyl derivatives.” These
inducers were co-assembled with poly(9,9-dioctylfluorene-co-
pyridine) (PFpy, Fig. 8a) as the emissive polymer. At a chiral
dopant concentration of 20%, the (R/S-2Cz), ,—(PFpy)o.s System

a) O

®
! 88

‘

o ”o@
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exhibited the most effective chiral assembly, achieving a |gpy| of
3.4 x 1072 at 454 nm. However, due to random stacking
between PFpy and the structurally asymmetric R/S-1Cz, the (R/S-
1Cz)o,—(PFpy)o.s system showed no significant CPL signal
before or after thermal annealing. To further enhance the
system's performance, a red phosphorescent iridium complex,
Ir(MDQ),(acac) (Fig. 8a), was introduced at a 10% doping level,
forming the ternary co-assembled system (R/S-2Cz)o.—(-
PFpy)o.s—(Ir(MDQ),)o.1- The presence of intermolecular FRET
and chiral energy transfer resulted in red CPL emission,
achieving a |gp;| of 0.02 at 606 nm. Moreover, the PLQY
increased to 32.8%, significantly higher than the 20.3%
observed in the binary system (R/S-2Cz)y,—~(PFpy)o.s without
Ir(MDQ),(acac). These findings demonstrated that incorpo-
rating emissive small molecules could enhance the overall
photoluminescence performance. Encouraged by these results,
Cheng's group further employed the ternary co-assembled (R/S-
2Cz)o.,~(PFpy)o.s—(Ir(MDQ),)o.1 System as the EML in a CP-OLED
device. The resulting device exhibited a |gg.| of 0.014 at 620 nm
and, more importantly, achieved an EQE of 4.1%. |gg;| and EQE
are the key metrics for CP-OLEDs, so Chen's group introduced
the Q-factor concept in 2024 to provide a more intuitive metric
for evaluating and comparing the CP-OLED performance.” The
Q-factor is defined as the product of EQE and |gg. |, given by Q =
EQE x |ggL|. Applying this formula, the Q-factor of Cheng's CP-
OLED, based on (R/S-2Cz)y,-(PFpy)o.s—(Ir(MDQ),).1, Was
calculated as 5.74 x 10~ * (Table 2).

In the same year, Chen's group developed another high-
performance CP-OLED system using the axially chiral R/S-5011
as the chiral inducer and F8BT as the macromolecular dye
(Fig. 8b).** A binary co-assembled system, (F8BT),o—(R/S-
5011),.1, was first prepared with 10% chiral dopant concentra-
tion. To enable an efficient FRET process, a multi-resonance

CgH17,CgH17
() =
OO
n
S/RACz S/R-2Cz O PFpy I(MDQ),(acac)
tBu tBu
’ p S 3
.S,
o CaHir CeHir  NT N : N
> G "0
oc . N
R/S-5011 F8BT DBN-ICZ

Fig.8 Chemical structures of chiral inducers, luminescent macromolecules, and achiral luminescent small molecules used by Cheng's group (a)

and Chen's group (b) to construct ternary CPL co-assembly systems.
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Table 2 CPL properties of the macromolecular dyes in ternary co-assembly systems

Entry  Assembly systems PL (nm)  PLQY (%) lgpLl EL (nm) EQE (%)  gm Q-Factor (10°°)  Ref.
1 (R-2C2)o.5~(PFPY)o.s~(Ir(MDQ),)o 1 606 — 0.02 620 3.4 +0.013  0.442 78
2 (5-2C2)0.2-(PFpy)o.s~(Ir(MDQ),)o.1 606 620 4.1 —0.014  0.574 78
3 (F8BT)g.0-(R-5011)0.1—~(DBN-ICZ)g 005 554 79 0.26 552 4.6 +0.16 7.36 80
4 (F8BT).0~(S-5011)01~(DBN-ICZ)o 0005 554 552 4.4 —0.11 4.84 80

thermally activated delayed fluorescence (MR-TADF) emitter,
DBN-ICZ (Fig. 8b), was selected as the FRET acceptor due to its
absorption band matching the emission spectrum of
(F8BT)y.9-(R/S-5011), 4. At a doping concentration of 0.5%, the
resulting ternary co-assembled system, (F8BT)oo—(R/S-
5011)o.1—(DBN-ICZ)y. 0005, achieved complete intermolecular
energy transfer. This system exhibited efficient, narrowband
CPL emission at 554 nm, with a |gp| of 0.26, a FWHM of 37 nm,
and a PLQY of 79%. When integrated as the EML in a CP-OLED
device, the ternary co-assembled system demonstrated
outstanding device performance. The resulting CP-OLED
exhibited a FWHM of only 39 nm at 552 nm, a |gg.| of 0.16,
and an EQE of 4.6%, the highest efficiency reported among
chiral co-assembled CP-OLEDs to date. Using the Q-factor
formula, the device achieved a record-high Q-factor of 7.36 x
10%, the highest value among all reported CP-OLEDs to date.

3. Co-assembly systems from
macromolecular chiral inducers

3.1. Binary co-assembly systems

Macromolecules can serve not only as emissive components in
chiral co-assembled systems but also as macromolecular chiral
inducers. In this section, we introduce several representative
macromolecular chiral inducers used for chiral assembly,
including biomacromolecules such as DNA, polypeptides, and
cellulose, as well as synthetic macromolecular chiral inducers,
namely chiral polymers. DNA, with its characteristic double-
helix structure, is one of the most well-known naturally occur-
ring chiral macromolecules. In the early studies on chiral co-
assembly, considerable efforts were dedicated to transferring
DNA's chirality to dye molecules to achieve CPL. However, these
studies suffered from severe fluorescence quenching due to the
ACQ effect of the dyes, leading to compromised CPL perfor-
mance.*" In 2019, Ding et al. addressed this issue by employing
a carbazole-based cyanine dye (abbreviated as CzCy in this
review, Fig. 9) as the emissive dye.** The presence of quaternary
ammonium cations on CzCy enabled strong electrostatic
interactions with the phosphate anions in the DNA backbone,
facilitating co-assembly. Importantly, the restriction of intra-
molecular rotation (RIR) in the assembled CzCy molecules
endowed them with aggregation-induced emission (AIE) prop-
erties, enhancing the fluorescence of the assembled system.*® As
a result, the DNA-CzCy complex exhibited yellow CPL with
a |gp| of approximately 1.7 x 1073. Similarly, chiral poly-
peptides can also function as macromolecular chiral inducers.
In 2021, Li et al. developed a de novo-designed chiral amyloid

© 2025 The Author(s). Published by the Royal Society of Chemistry

fibril, T1 (RyG,Y3F,W5A¢G,DgYoN1 Y11 F1s, Fig. 9), which was co-
assembled with the rotor-type dye thioflavin T (ThT, Fig. 9),
a commonly used probe for amyloid fibrils. This chiral co-
assembly exhibited a distinct CPL signal with a |gpy| reaching
10 2.

Beyond biomacromolecules, synthetic chiral polymers have
also been explored as chiral inducers for CPL co-assembled
systems. In 2022, Cheng et al. synthesized two chiral poly-
meric inducers, R/S-P1 and R/S-P2 (Fig. 9), through the copoly-
merization of axial chiral monomers with 9,9-dihexylfluorene.*
The key difference between these two polymers was that R/S-P2
contained an anchored dihedral angle, whereas R/S-P1 did not.
These chiral polymers were co-assembled with the achiral dye
NPy (Fig. 9) to form two binary chiral assemblies: R/S-P1-NPy
and R/S-P2-NPy. At the optimal doping ratio, the assembled
systems (R/S-P1)y6-(NPy)o 4 and (R/S-P2)y¢—(NPy)o., were ob-
tained. Due to the presence of the anchored dihedral angle in R/
S-P2, it exhibited a stronger chiral induction effect on NPy,
resulting in superior CPL performance. Specifically, (R/S-
P2), 6—(NPy), 4 exhibited a PLQY of 38.8% and a |gp.| of 5.6 X
10~% at 490 nm, significantly outperforming (R/S-P1)y.c~(NPy)o.4,
which exhibited a PLQY of 25.6% and a |gpr| of 9.2 x 1072 at the
same wavelength. Furthermore, when (R/S-P2), ¢—(NPy),., was
employed as the EML in an OLED device, the resulting device
generated a CPEL signal with a |gg | of 4.8 x 107> at 489 nm and
an EQE of up to 0.21% (Table 3).

3.2. Ternary co-assembly systems

In 2022, Deng's research group developed a ternary co-
assembled system comprising racemic helical polyacetylene
(racemic P1, Fig. 10), biocompatible chiral polylactic acid (chiral
PLA, Fig. 10), and achiral luminescent molecules (NR, X18, and
TPE, Fig. 10).** Within this co-assembly process, chirality
underwent a two-step transfer. The first chirality transfer
occurred during the formation of solid cast films, where chiral
PLA played a dual role as both the chiral source and the film-
forming matrix. Due to the presence of hydrogen bonding as
the primary driving force, chirality was successfully transferred
from chiral PLA to P1, inducing helical chirality in the initially
racemic main chain and resulting in pronounced optical
activity. The second chirality transfer involved the subsequent
transfer of the induced helical chirality from P1 to the achiral
luminescent molecules. As a result, the final co-assembled
system exhibited RGB tricolor and white CPL, achieving
a maximum |gp.| of 8 x 107>, This system also demonstrated
promising potential for application in CP-OLEDs.
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Fig. 9 Chemical structures of macromolecular chiral inducers and achiral luminescent small molecules used to form binary CPL co-assembly

systems.

Table 3 CPPL properties of the macromolecular chiral inducers in
binary co-assembly systems

Entry Assembly systems  PL (nm) PLQY (%) |gpu| (107°)  Ref.
1 DNA-CzCy 550 — 1.7 82
2 T1-ThT 488 — 50 84
3 (R/S-P1)y 6~(NPy)o.s 490 25.6 9.2 85
4 (R/S-P2).6~(NPy)o.s 490 38.8 56 85

Racemic P1 Chiral PLA

HN I
\/\0/\/0 e
NR X18 TPE

Fig. 10 Chemical structures of macromolecular chiral inducers,
polymer hosts, and achiral luminescent small molecules used to
construct ternary CPL co-assembly systems.

Chiral macromolecules and their assembled systems not
only served as chiral inducers but have also been recently
explored as chiral optical filters that convert unpolarized light
into circularly polarized light through selective absorption. For
instance, in 2025, Deng's research group reported a co-
assembled film with chiroptical properties, prepared from
cellulose acetate butyrate (CAB, Fig. 11) and racemic poly-
acetylene (PM1, Fig. 11).*” When this CAB-PM1 film was placed

12286 | Chem. Sci, 2025, 16, 12277-12292

behind the achiral luminescent molecules (CM, ACA, BPEA, and
R6G, NR, Fig. 11), one circularly polarized component of the
emitted unpolarized light was selectively absorbed by the CAB-
PM1 film, resulting in transmitted light with circular polariza-
tion. Through this selective absorption mechanism, full-color
and white CPL were achieved, with |gp.| values reaching up to
1.5 x 107> Deng's group has also conducted other studies
based on the selective absorption properties of chiral polymers;
however, they are beyond the scope of this review.*** Moreover,
this mechanism is analogous to the selective reflection process

R=H or

PM1

Fig. 11 Chemical structures of macromolecular chiral inducers and
polymer hosts used by Deng's group to develop binary co-assembly
systems with CD absorption filtering properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed in N*-LC systems mentioned in the Introduction, as
both rely on polarization separation. Consequently, they
inherently lead to at least 50% energy loss.

4. Co-assembly systems from
macromolecular chiral inducers and
macromolecular dyes

Macromolecules can serve as chiral macromolecular inducers
when co-assembled with luminescent small molecules, or they
can function as luminescent macromolecules when co-assem-
bled with chiral small-molecule inducers. In both cases, the
resulting co-assembled systems exhibit CPL properties. Simi-
larly, co-assembly between chiral macromolecular inducers and
luminescent macromolecules has also been explored, further
expanding the design strategies for CPL co-assembly systems.
For example, in 2025, Cheng's group synthesized a new class of
chiral inducers by copolymerizing the locked dihedral angle
chiral inducer with fluorene, yielding the chiral polymer R/S-FO
(Fig. 12).°° Additionally, they copolymerized phenyl (Ph),
naphthyl (Na), and pyrenyl (Py) groups at a 25% ratio with 9,9-
dioctylfluorene to generate three types of non-chiral conjugated
polymers: PFPh, PFNa, and PFPy (Fig. 12). These polymers were
then co-assembled with R/S-FO at a 9:1 ratio. Due to T
stacking interactions, the resulting co-assemblies formed
helical nanofibers. The |gp | values of (R/S-FO), ;—(PFPh), o, (R/S-
FO)o.1~(PFNa)g o, and (R/S-FO),.1~(PFPy),., reached 1.18 x 102,
2.02 x 1072, and 8.53 x 103, respectively. Notably, the highest
gpy, value was observed in the (R/S-FO), ;—(PFNa), o System, likely
due to enhanced compatibility between the naphthyl units in
PFNa and the binaphthyl segments in R/S-FO. Consistent with
the photoluminescence results, when these co-assembled
systems were incorporated into devices as EMLs, (R/S-FO),.1—(-
PFNa)y, exhibited the highest |gg| of 1.4 x 10> These

CgHi7' CgHiz CgHi7' CgHiz

PFPh PFNa

BP (PFPy)

Fig. 12 Chemical structures of macromolecular chiral inducers and
luminescent macromolecules used by Cheng's group to construct
binary CPL co-assembly systems.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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findings underscore the importance of molecular design strat-
egies in optimizing CPL co-assembly systems and pave the way
for further advancements in high-performance CP-OLEDs.
Although some combinations of chiral macromolecular
inducers and luminescent macromolecules have demonstrated
good chiral assembly and CPL performance, such systems
remain relatively scarce. Further research is needed to expand
and refine this approach (Table 4).

5. Application of the CPL co-
assembled macromolecular systems in
CP-OLEDs

By replacing the EML of conventional organic light-emitting
diodes (OLEDs), which typically emit unpolarized light, with
a CPL system, OLED devices can be endowed with CPL prop-
erties. These devices are known as circularly polarized OLEDs
(CP-OLEDs).>®* The motivation behind developing CP-OLEDs
lies in achieving high |ggr| (approaching 2.0) and circum-
venting the theoretical 50% energy loss from optical compo-
nents. In this context, an ideal CP-OLED should simultaneously
exhibit a high |gg.| (approaching 2.0), an EQE exceeding 50%,
and a Q-factor greater than 1.

Compared to earlier CP-OLEDs based on chiral small organic
molecules, those employing macromolecules-based supramo-
lecular assemblies have demonstrated clear advantages,
particularly in terms of |gg.| and the overall device performance
(Q-factor). Chiral small molecular CP-OLEDs typically showed
very low |gg.| values in the range of 10~ to 107>, In contrast,
macromolecule-based CP-OLEDs, as reviewed herein, consis-
tently achieve |gi1 | values exceeding 102 For instance, systems
reported by Cheng's group, such as (R/S-M) ,—(c-WP) g,** (R/S-
2Cz)o.2~(PFpy)o.s~(Ir(MDQ)5)0.1,”® (R/S-P2) 6—(NPy)o.4,** and (R/S-
FO)o.1—(PFNa),6,” as well as the R/S-PBN systems from Chen's
group,® have yielded |gg| values of 8.7 x 1072, 1.4 x 10 %, 4.8
x 1072, 1.4 x 102, and 7.0 x 102, respectively. With further
tuning, such as employing helicenes or highly twisted R/S-5011
as chiral inducers, adjusting the film thickness, or optimizing
thermal annealing conditions, |gg;| values can reach up to the
10~" range. Notably, CP-OLEDs constructed from systems such
as aza[6]helicene-F8BT (Fuchter's group),”® R/S-5011-F8BT
(Kim's group),® and (F8BT)y.o-(R-5011)y1~(DBN-ICZ)0. 0005
(Chen's group)® have achieved |gg;| values as high as 0.5, 0.72,
and 0.16, respectively, which is 100 to 1000 times greater than
those of chiral-small-molecule-based CP-OLED devices.
However, despite their superior |gg; | values, CP-OLEDs based on
macromolecular assemblies often suffer from significantly
lower EQEs compared to their chiral small-molecule counter-
parts. The highest EQE reported to date for a macromolecule-
based CP-OLED is 4.6%, from the (F8BT),¢—(R-5011),,—(DBN-
ICZ)o.0005 System developed by Chen's group.®® In contrast,
chiral small-molecule-based CP-OLEDs have reached EQEs as
high as 35.5%, also reported by Chen's group.” This suggests
that the EQE of chiral small-molecular devices can be nearly an
order of magnitude higher than that of macromolecule-based
systems. Nevertheless, due to their remarkably high |gg)|

Chem. Sci., 2025, 16, 12277-12292 | 12287
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Table 4 CPL properties of the macromolecular chiral inducer and macromolecular dye systems
Entry Assembly systems PL (nm) PLQY (%) lgprl (1072) EL (nm) EQE (%) lgee| (1072) Ref.
1 (R/S-FO),.1~(PFPh)g o 423 11.08 1.13 424 0.64 1.1 90
444 1.18 448 0.89
2 (R/S-FO),.1~(PFNa)g o 425 8.92 1.23 424 1.01 1.4
443 2.02 448 1.1
3 (R/S-FO)o.1~(PFPy)o.o 447 11.49 0.85 448 1.09 0.74

values, macromolecule-based CP-OLEDs still exhibit signifi-
cantly higher Q-factors than chiral small-molecular devices.

In addition to their superior |gg.| and Q-factor performance,
CPL co-assembled macromolecular systems offer practical
advantages such as mechanical flexibility and solution proc-
essability. These features make them especially attractive for
further development of CP-OLED technologies.

6. Conclusions and outlooks

This review provides an overview of macromolecular co-
assembly systems with intrinsic CPL properties reported since
2010. These systems can be categorized into three main types:
(1) small-molecular chiral inducers-achiral luminescent
macromolecules, (2) macromolecular chiral inducers-achiral
luminescent small molecules, and (3) macromolecular chiral
inducers-achiral luminescent macromolecules. From the
perspective of macromolecular components, these studies
encompass biomacromolecules such as DNA, peptides, and
cellulose, as well as various synthetic polymers with repeating
units. Through non-covalent interactions such as 7w-7 stacking
and electrostatic interactions, these macromolecules partici-
pate in co-assembly to form chiral supramolecular architectures
with well-defined structures. Notably, these macromolecular
chiral co-assemblies exhibit CPL with |gj,m| values reaching
magnitudes of 107> to 10", significantly higher than tradi-
tional chiral luminescent small molecules, which typically
exhibit |gj,m| values in the range of 10> to 10~*. Therefore,
macromolecular co-assembly systems undoubtedly represent
a promising alternative for achieving highly efficient CPL.
Furthermore, compared to small molecules, macromolecules
offer advantages such as greater molecular diversity and
enhanced processability, making them more attractive for
practical applications.

However, several challenges remain to be addressed in these
macromolecular co-assembly systems. A primary concern is
their CPL performance, particularly the |gj,m|, PLQY and EQE.
While many macromolecular co-assembly systems introduced
in this review have demonstrated |gj,m| values reaching 102 to
107", there remains a considerable gap compared to the theo-
retical maximum of 2 for a perfectly circularly polarized light
source. This underscores the urgent need for new theoretical
frameworks to elucidate the key factors governing |gj,m| in co-
assembly systems and to guide the rational design of macro-
molecular CPL materials with further enhanced dissymmetry
factors. Additionally, improving the PLQY and electrolumines-
cence EQE is equally critical for practical applications. Despite

12288 | Chem. Sci,, 2025, 16, 12277-12292

recent efforts, the EQE of current CPL active macromolecular
co-assemblies remains extremely low, often below 1%. Even
with FRET strategies, the highest reported EQE is only 4.6%,
which is still far from the application requirements. Therefore,
innovative luminescent macromolecular designs and advanced
assembly strategies are needed to enhance both the PLQY and
EQE, ultimately improving the overall performance of CPL
materials.

Macromolecules in CPL systems can be classified into bio-
macromolecules and synthetic polymers. From a bio-
macromolecule perspective, co-assemblies based on biological
macromolecules hold great promise for biomedical applica-
tions. While DNA, peptides, and cellulose have already been
explored in CPL co-assembly systems, their luminescence
performance requires further optimization. Additionally,
expanding the range of biomacromolecules used in CPL
systems could provide more functional diversity and adapt-
ability for specific applications.

From the perspective of synthetic polymers, the types of
polymers employed in current CPL co-assembly systems include
homopolymers, alternating copolymers, and random copoly-
mers. However, block copolymers remain largely unexplored,
despite their potential to introduce novel design strategies for
CPL-active co-assemblies. This absence may be attributed to the
stringent synthetic requirements of block copolymers, which
necessitate well-defined molecular weight distributions (PDI =
1) typically achieved through living polymerization techniques.
In contrast, most luminescent and chiral macromolecular
polymers reported in the literature are synthesized via
transition-metal-catalyzed coupling polymerization, which
often follows the Flory distribution with PDI = 2, making block
copolymer synthesis challenging. Thus, an interesting research
direction would be the development of luminescent block
copolymers using living polymerization techniques such as
anionic polymerization of olefins, transition-metal catalyzed
coordination polymerization of olefins, and atom transfer
radical polymerization (ATRP). Alternatively, developing new
living coupling polymerization strategies with PDI = 1 could
provide a feasible pathway for block copolymer synthesis in CPL
applications.

Additionally, in terms of emission types, current CPL co-
assembly macromolecular systems are predominantly based
on fluorescence, with phosphorescence and TADF being rela-
tively rare. Therefore, future research should also focus on the
construction of macromolecular co-assembly systems that
exhibit CP-TADF and CP phosphorescence, particularly those
with room-temperature phosphorescence, high-temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phosphorescence, or long-persistent phosphorescence, which
would broaden the scope of CPL applications across diverse
technological and industrial fields.
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