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Color-tunable, high-dissymmetry circularly
polarized phosphorescence in chiral nematic
phases: self-assembly, energy transfer, and
handedness inversion

2 Jihyun Park® and Jinsang Kim () 2<d

Jung-Moo Heo,
Purely organic circularly polarized phosphorescence (CPP) materials are promising candidates for chiral
optoelectronic and photonic applications but remain limited by challenges in achieving both high
quantum efficiency and strong dissymmetry. Here, we report a high-performance CPP system based on
brominated cholesteric liquid-crystalline (CLC) molecules that spontaneously self-assemble into left-
handed chiral nematic (N*) phases. Among the series, BrlOCh exhibits bright blue CPP at 450 nm with a
phosphorescent quantum yield of 36% and a dissymmetry factor of gyum = +0.30, enabled by enhanced
spin—orbit coupling and long-range helical ordering that suppress non-radiative decay. Furthermore,
doping the N* matrix with an achiral fluorescent dye (8CNS) enables triplet-to-singlet Forster resonance
energy transfer, yielding green circularly polarized fluorescence at 502 nm with inverted handedness
(Gum = —0.32) via selective reflection within the cholesteric host. This combined color tunability and
handedness switching in a purely organic system provides a modular approach for tailoring chiroptical
emission without heavy metals. Our findings establish CLCs as versatile supramolecular scaffolds for
high-performance CPP, offering new opportunities for dynamic optical control in displays, data
encryption, and advanced photonic devices.

organic systems remains significantly more challenging. This
difficulty stems from the spin-forbidden nature between the

Purely organic materials exhibiting circularly polarized lumi-
nescence (CPL) have garnered increasing attention due to their
potential applications in advanced optoelectronics," chiral
recognition,®* optical imaging,>® and asymmetric catalysis.”®
To maximize CPL performance, it is essential to simultaneously
enhance both the luminescence quantum yield (@) and the
luminescence dissymmetry factor (|gum|), the latter quantifying
the degree of circular polarization.”’° However, enhancing
both & and |gjum| concurrently remains a considerable chal-
lenge due to an inherent trade-off between brightness and
polarization purity.’

While circularly polarized fluorescence (CPF) has been
extensively studied, achieving efficient circularly polarized
phosphorescence (CPP) at room temperature using purely
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singlet and triplet transition responsible for room temperature
phosphorescence (RTP),'* which is inherently hindered in
organic systems by weak spin-orbit coupling (SOC) and exacer-
bated by non-radiative losses due to molecular vibrations'>™*> and
oxygen quenching.'®'® To overcome these limitations, strategies
such as crystal engineering,'*>* polymer rigidification,”** supra-
molecular self-assembly,>*”>° and host-guest doping®®>** have
been employed to stabilize triplet excitons and enhance SOC.
Despite these advances, purely organic CPP systems generally
exhibit low dissymmetry factors (|gum| ~107*-107%), clearly
underscoring the persistent difficulty in simultaneously achieving
high quantum efficiency and significant circular polarization.
Noteworthy progress has emerged in recent years. For instance,
An et al. reported ionization-induced assemblies formed by con-
fining organic phosphors with chiral counterions, achieving a
high @ of 43.2% and a |gjum| value of 0.13."° Similarly, Huang
et al. developed a covalently self-confined chiral chromophore
embedded in a polymer matrix, which exhibited blue emission at
414 nm, a prolonged lifetime of 3.0 s, and a dissymmetry factor on
the order of 107>

Cholesteric liquid crystals (CLCs), also known as chiral
nematic liquid crystals (N* LCs), offer a powerful platform for
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enhancing CPP performance.*>™** Their intrinsic helical super-
structures promote long-range molecular alignment, which not
only amplifies CPL signals but also suppresses non-radiative
decay. The CPL generation mechanism in N* LCs generally
operates via two distinct modes: (1) optical rotation, where CPL
follows the helical twist of the N* LC axis, leading to chirality
amplification along the propagation direction; and (2) selective
reflection, where CPL with the same handedness as the helical
structure is reflected while the opposite-handed CPL is trans-
mitted, enabling handedness inversion depending on the spec-
tral overlap between emission and the reflection band.**"°
Recent efforts incorporating N* LCs have led to significant
advancements in CPP systems. For example, Deng et al
employed a polymer matrix in combination with a cholesteric
LC layer to achieve multicolor circularly polarized room-
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temperature phosphorescence, reporting a high |gjum| of up
to 1.57 and an ultralong lifetime of 18 s.%® Similarly, Ma et al.
demonstrated a photon-coupling strategy achieving multicolor
CP afterglow with lifetimes exceeding 6 seconds and |gum|
values reaching 1.90.>” Nonetheless, a general design strategy
that unifies high ¢ and high |gjum| in a single organic material
remains elusive.

Building upon these advances, we report a CPP system that
merges a phosphorescent chromophore core with a cholesteric
LC motif. The molecular design, Br(n)Ch (n = 6, 10, 14; Fig. 1a),
features brominated 2,5-dialkoxyterephthalate cores that not
only enhance SOC through heavy atom effects and efficient n-n
mixing (El-Sayed rule) but also drive spontaneous formation of
left-handed N* LC (Fig. 1b and e). Among the series, Br10Ch
exhibits bright left-handed blue CPP at 450 nm with a high
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Fig. 1 Molecular components and chiroptical emission pathways in cholesteric liquid crystalline systems. (a) Chemical structure of Br(n)Ch (n = 6, 10,
14), a brominated mesogen designed to form chiral nematic (N*) phases. (b) Br(n)Ch self-assembles into N* liquid crystals, exhibiting circularly polarized
phosphorescence (CPP) with a dissymmetry factor of gium & +0.30. (c) Structure of the achiral fluorescent dye 8CNS used as an energy acceptor. (d)
Doping with 8CNS enables triplet-to-singlet Forster resonance energy transfer (TS-FRET), producing green circularly polarized fluorescence (CPF) with
reversed handedness (gium ~ —0.34). (e) Schematic illustration of the excited-state processes: ISC leads to CPP in the pristine N* phase, while TS-FRET

enables CPF in the doped system.
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dissymmetry factor (gjum = +0.30) and room-temperature phos-
phorescence quantum yield (®py = 36%), attributed to the
combined effects of enhanced SOC and long-range helical order
enabled by optical rotation.>?

Furthermore, we show that doping Br10Ch with an achiral
fluorophore (8CNS; Fig. 1c) facilitates triplet-to-singlet Forster
resonance energy transfer (TS-FRET; Fig. 1e),*® resulting in long-
lasting green CPF at 502 nm in Fig. 1d. Notably, this process leads
to an inversion in CPL handedness (gj,m = —0.32), which we
attribute to selective reflection within the N* LC matrix. In this
scenario, left-handed CPL is reflected while right-handed CPL is
transmitted, due to the spectral overlap between emission and
reflection bands.*® These results underscore the versatility of
cholesteric liquid crystal frameworks as a tunable platform for
developing purely organic CPP emissive materials.

Results
Liquid crystalline phase behavior

The mesophase behavior of Br(n)Ch (n = 6, 10, 14) was character-
ized using differential scanning calorimetry (DSC) and polarized
optical microscopy (POM). DSC thermograms were obtained
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assess thermotropic liquid crystalline properties (Fig. 2a—c). All
compounds exhibited two distinct exothermic transitions upon
cooling, along with a glass transition (Ty), characteristic of cho-
lesteric mesogens.*® Specifically, Br6Ch displayed transitions at
119 °C, 73 °C, and T, at 20 °C; Br10Ch at 84 °C, 61 °C, and T}, at
7 °C; and Br14Ch at 92 °C, 43 °C, and T, at 6 °C. Br6Ch and
Br10Ch showed reversible phase transitions, while Br14Ch exhib-
ited irreversible behavior with broadened features—likely due to
increased chain entanglement and conformational disorder asso-
ciated with its longer alkyl chains.

To correlate thermal transitions with mesophase structures,
POM images were collected during cooling from 150 °C at
5 °C min~" (Fig. 2d-i and Fig. S1-S3). Textures indicative of
nematic (N) phases appeared near the first exothermic transi-
tions: ~ 80 °C for Br6Ch, ~70 °C for Br10Ch, and ~60 °C for
Br14Ch. Upon further cooling, fingerprint textures character-
istic of chiral nematic (N*) phases emerged at ~30 °C (Br6Ch),
~25 °C (Br10Ch), and ~25 °C (Br14Ch).*® Br10Ch displayed
uniform and well-defined fingerprint patterns, while Br14Ch
showed dark and irregular domains, suggesting disrupted
helical alignment. These observations are consistent
with the broadened and irreversible DSC signals of Br14Ch
and highlight the impact of alkyl chain length on mesophase

during the second heating and cooling cycles at 5 °C min~" to order. No additional phase transitions were observed
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Fig. 2 Characterization of self-assembled liquid crystalline phases via thermal and optical methods. (a)—-(c) Differential scanning calorimetry (DSC)
profiles of Br6Ch, Brl0Ch, and Br14Ch during heating and cooling at 5 °C min~?, showing phase transitions among crystalline (Cr), chiral nematic (N*),
nematic (N), and isotropic (Iso) states. Asterisks denote transitions not clearly observed in polarized optical microscopy (POM). (d)-(f) POM images of
Br6Ch, Br10Ch, and Br14Ch in the nematic (N) phase. (g)—-(i) Corresponding POM images in the chiral nematic (N*) phase, all acquired during cooling at

5°C min~. Scale bars: 50 um.
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below T,, indicating vitrification into a solid glassy or
crystalline state.

Collectively, the Br(n)Ch compounds form two distinct ther-
motropic mesophases—N and N*—with Br10Ch demonstrating
superior phase order and stability (see Fig. 2 and Table 1). This
ordered molecular organization provides an optimal environ-
ment for suppressing non-radiative pathways and supporting
efficient circularly polarized phosphorescence (CPP).

Optical behavior

Photophysical properties of the Br(n)Ch series were evaluated in
dilute chloroform solution (10> M) at both room temperature
(298 K, RT) and low temperature (80 K, LT). As shown in Fig. 3a
and Fig. S4a-c, all compounds displayed similar absorption
maxima at 307 nm, attributed to the 2,5-dibromoterephthalate
core. At room temperature, no photoluminescence was detectable
due to rapid non-radiative decay pathways. However, upon cooling
to 80 K, strong emission emerged at 448 nm, as the rigidified
frozen matrix effectively suppressed non-radiative relaxation, facil-
itating efficient intersystem crossing and prominent emission
from the triplet state.”” This emission spectrum closely
overlapped with the delayed emission profiles (delay time: 0.2-
1.0 ms), confirming its phosphorescent nature originating from
triplet excited states. The measured emission lifetime (7p,,) was
~1.1 ms, supporting the triplet origin of the emission in the
frozen solution (Fig. S4d).*"*®

To investigate room-temperature phosphorescence (RTP) in
condensed phases, thin films (~20 pm) of the Br(n)Ch com-
pounds were fabricated between quartz substrates under their
N* phases. As shown in Fig. 3b and c, all three compounds
exhibited RTP at ~450 nm, with emission profiles matching
delayed emission spectra (Fig. S5), confirming a triplet-state
origin. The absence of fluorescence signals and the presence of
bromine suggest efficient ISC through heavy atom effect.
Notably, RTP intensity varied markedly with alkyl chain length,
reflecting differences in mesophase organization.

Phosphorescence lifetimes (tpy) and absolute quantum
yields (®py) were measured, from which radiative (kpy) and
non-radiative (k,,) rate constants were derived (Table 2). As
shown in Fig. 3d, the degree of N* phase order strongly
influenced RTP efficiency. Br10Ch, which formed highly
ordered N* structures, showed the highest performance
(Ppy = 36%, Tpy = 45 pus), with kpy = 9.0 x 10° s~ ' and ky, =
1.6 x 10* s7*. Br6Ch, with moderate N* order, had ®py = 12%
and tpy = 13 ps, while Br14Ch, with disrupted mesophase
alignment, showed the lowest efficiency (®Ppy = 4%, Tpy =
10 ps). Br14Ch also exhibited the highest non-radiative decay

Table 1 Phase transition temperatures of the investigated compounds
determined by DSC and POM analyses

Cooling at 5 °C min™"

Compound Iso to N (°C) N — N* (°C) N* - Cr (°C)
Br6Ch 119 73 20

Br10Ch 84 61 7

Br14Ch 92 43 6

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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rate (kyr = 9.6 x 10" s7'), consistent with its irregular supra-
molecular packing. These data confirm a direct correlation
between mesophase order and RTP performance in the
Br(n)Ch series.

To support the experimentally observed RTP behavior, time-
dependent density functional theory (TD-DFT) calculations were
performed on the core chromophore of Br10Ch, 2,5-dibromo-
terephthalate (Fig. 3e). Single-crystal structures could not be
obtained due to the soft, liquid crystalline nature of the material.
Therefore, the ground-state geometry was optimized using DFT,
followed by TD-DFT calculations. Natural transition orbital (NTO)
analysis revealed significant angular momentum transfer loca-
lized on carbonyl oxygen and bromine atoms, corresponding to a
transition from the S, (m,*) state at 3.97 eV to the T; (n,n*) state at
4.00 eV—consistent with El-Sayed’s rule (Fig. 3e)."" Furthermore, a
large spin-orbit coupling (SOC) matrix element (~ 345 cm ™) was
calculated for the S,-T; transition, suggesting a highly efficient
ISC channel (Fig. 3e)."" These theoretical findings are in strong
agreement with the observed RTP behavior and confirm that the
Br10Ch core structure is well-suited for triplet state formation via
enhanced SOC.

Chiroptical properties of N* phase

To probe the helical superstructure and chiroptical behavior of
the N* phase formed by Br10Ch at room temperature, circular
dichroism (CD) and CPL measurements were conducted on
thin films cast between quartz substrates. As shown in Fig. 4a,
Br10Ch exhibited a strong positive CD signal beyond 350 nm,
characteristic of a left-handed cholesteric mesophase. This
response is attributed to the long-range helical ordering of
the N* LC phase, which efficiently amplifies molecular chirality
at the supramolecular level. We next examined the CPP beha-
vior of Br10Ch at room temperature. As shown in Fig. 4b,
Br10Ch displayed intense left-handed CPL emission centered
at 460 nm, coinciding with its phosphorescence maximum. The
dissymmetry factor (gj.m) reached +0.30, indicating highly
efficient circular polarization of triplet-state emission. This
strong chiroptical response arises from the synergistic effects
of enhanced SOC, efficient ISC, and the helical amplification
effect of the left-handed N* phase. As illustrated in Fig. 4c, the
observed optical rotation and emission helicity are consistent
with the structural handedness of the N* phase, supporting
the interpretation that the emitted CPL propagates along
the helical axis and retains its handedness.”® Together, these
results establish Br10Ch as a rare example of a purely organic
material exhibiting bright, left-handed blue CPP emission
(450 nm, gum = +0.30, ®py = 36%) under ambient
conditions."®

Tunable circularly polarized emission via TS-FRET doping

To further exploit the CPP-active matrix, we investigated emis-
sion color tuning through triplet-to-singlet Forster resonance
energy transfer (TS-FRET)*>*° by doping Br10Ch with an achiral
fluorescent dye, 8CNS (Fig. 5a), exhibiting strong green fluores-
cence in the aggregated state, with a maximum at 512 nm (Fig.
S6). The thermal and mesophase behavior of the doped system

Mater. Chem. Front., 2025, 9, 3188-3196 | 3191
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Fig. 3 Photophysical properties of Br(n)Ch in solution and chiral nematic (N*) liquid crystal phases. (a) Absorption and emission spectra of Br10Ch in
solution at room temperature (298 K, RT) and low temperature (80 K, LT). No emission is observed at RT, while clear phosphorescence appears at LT,
overlapping with the delayed emission spectrum (0.2-1.0 ms), confirming triplet-state emission. (b) and (c) Phosphorescence spectra and lifetimes of
Br6Ch, Br10Ch, and Br14Ch in N* LCs at RT, showing chain-length-dependent emission behavior. (d) Comparison of phosphorescence quantum yield
(@pp) radiative rate constant (kpy), and non-radiative rate constant (k,,) across the series. (e) TD-DFT-derived Jablonski diagram and natural transition
orbital (NTO) analysis for the BriOCh chromophore, indicating efficient ISC from S; (n, ©*) to T3 (n, n*) via El-Sayed's rule.

(1 wt% 8CNS in Br10Ch) was first investigated. DSC analysis
(Fig. S7) revealed phase transition temperatures slightly lower
than the pristine Br10Ch (84 °C — 54 °C — T, = 7 °C),
indicating minimal disruption of the doped N* LC. POM
observations (Fig. S8) showed that, after the first exothermic
event, focal conic textures emerged.*® Upon further cooling, oily
streak textures characteristic of well-formed doped N* phases
developed, confirming that cholesteric order is retained despite
the presence of the dopant.*®

Photophysically, doping with 8CNS resulted in the complete
replacement of Br10Ch phosphorescence at 452 nm with a new
emission band at 502 nm, exhibiting a high & of 74% (Fig. 5b).
This emission spectrum closely matched the delayed emission
spectrum (0.2-1.0 ms delay) when excited at 307 nm, corres-
ponding to the absorption maximum of Bri10Ch, thereby

Table 2 Photophysical properties of Br(n)Ch in the N* phases. The table
lists the emission maximum (Lpy), phosphorescence quantum yield (@pp),
phosphorescence lifetime (zpy); the radiative and nonradiative decay rates
Kpn, knr Where obtained via kpy = @pp/tpr and K, = (1 — @py)/TpH, @ssuming
an ISC efficiency hisc = 1

Compounds Apy (M) Ppyy (%)* Tpy (US)° kpy (10° s7Y) ke (10° s779)

Br6Ch 449 12 13 9.2 73
Br10Ch 452 36 45 9 16
Br14Ch 452 4 10 4 96
3192 | Mater. Chem. Front., 2025, 9, 3188-3196

confirming highly efficient TS-FRET from the host to 8CNS.
The TS-FRET efficiency (E) was calculated using E = 1-(tpa/tp),
where 1y, is the donor lifetime in the absence of acceptor (45 ps
for undoped Br10Ch) and tp, is the donor lifetime in the
presence of acceptor.>® Nearly complete quenching of Br10Ch
emission (Fig. 5b) indicated tpy <« 7p, yielding an efficiency
approaching unity (E ~ 1). Time-resolved photoluminescence
measurements further supported this, revealing a long-lived
emission component with a lifetime of ~110 us (Fig. S9),
characteristic of triplet-sensitized fluorescence. Furthermore,
a significant shift in the CIE coordinates from (0.147, 0.122) to
(0.260, 0.510) demonstrates effective and tunable color mod-
ulation of the circularly polarized emission (Fig. 5¢). To disen-
tangle the contribution from direct excitation of 8CNS, we also
evaluated the photoluminescence of doped PMMA films. When
excited at 307 nm, the film exhibited emission at 497 nm with a
short lifetime of ~1.5 ns (Fig. S10), consistent with direct
fluorescence from 8CNS due to its broad absorption (Fig. S6).
These results indicate that the observed high @ in the doped N*
LC arises from a dual mechanism—both direct excitation of
8CNS and TS-FRET from Br10Ch.

Chiroptically, the CD spectrum of the doped N* LC retained
a strong positive signal but exhibited a pronounced red shift in
the selective reflection band—from 350-400 nm in the
undoped N* LC (Fig. 4a) to 450-500 nm in the doped system
(Fig. 5d)—indicating an increased helical pitch caused by guest-

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 4 Chiroptical properties and circularly polarized phosphorescence (CPP) behavior of BrlOCh in the N phase. (a) Circular dichroism (CD, top) and
UV-vis absorption (bottom) spectra of BrlOCh in the N* LC phase, confirming strong chiral ordering. (b) Circularly polarized luminescence (CPL, top)
spectra with corresponding g,,m of BriOCh in the N* LC phase, showing intense left-handed CPP. (c) Schematic illustration of the left-handed N* LC
structure generating left-handed CPP under incident light.
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Fig. 5 Emission color tuning and inversion of circular polarization in doped chiral nematic liquid crystals. (a) Chemical structure of the achiral fluorescent
dopant 8CNS. (b) ssEm and delayed emission spectra of Brl0Ch-based N* LC before and after doping with 8CNS. After doping, the emission red-shifts to
502 nm, indicating efficient triplet-to-singlet Forster resonance energy transfer (TS-FRET). (c) CIE 1931 chromaticity diagram showing a clear color shift
from blue (N* LC) to green (doped N* LC). (d) CD and UV-vis absorption spectra of doped N* LC, confirming the retention of chiral structure. (e) CPL with
corresponding dissymmetry factor (gum) spectra of the doped N* LC, showing strong right-handed circularly polarized fluorescence (CPF) with gium ~
—0.34. (f) Schematic illustration showing that in the left-handed N* LC, left-handed CPL is selectively reflected, while right-handed CPL is transmitted,
resulting in right-handed CPF from the doped LC system.

induced swelling of the cholesteric lattice.*® In Fig. 5e, remark- The observed inversion in CPL handedness (from g, =
ably, the CPL spectrum of the doped sample showed a pro- +0.30 in undoped Br10Ch to gj,, = —0.34 in the doped system)
nounced negative signal with a dissymmetry factor (gi,m) of arises from the selective reflection mechanism of the left-
—0.34, representing a clear inversion of handedness compared handed N* LC phase.’’™* In the undoped system, the CPL
to the undoped Br10Ch (gj,m = +0.30; Fig. 4b). handedness is primarily governed by optical rotation, where
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emitted light follows the helical twist of the N* axis, resulting in
left-handed polarization. Upon doping with 8CNS, guest-
induced swelling increases the helical pitch of the N* phase,
shifting the selective reflection band to 450-500 nm (Fig. 5d).
This band now closely overlaps with the 8CNS emission max-
imum at 502 nm. As a result, left-handed CPL from the
fluorophore is selectively reflected by the cholesteric matrix,
while right-handed CPL is transmitted (Fig. 5f). The reflectance
spectrum (Fig. S11) confirms this effect, showing a reflection
band centered at 508 nm-—nearly matching the emission
wavelength. This spectral overlap between emission and reflec-
tion bands leads to the inversion of observed CPL handedness
and demonstrates a unique mechanism of handedness switch-
ing through selective reflection and helical amplification, offer-
ing a versatile strategy for dynamically tunable CP-emissive
systems.

Conclusion

In summary, we have demonstrated a high-performance, purely
organic CPP system based on brominated cholesteric liquid
crystals (Br(n)Ch), capable of self-assembling into left-handed
N* phases. Among them, Br10Ch showed exceptional blue CPP
performance with a high phosphorescent quantum yield (36%)
and dissymmetry factor (gj,m = +0.30). This behavior results
from the synergistic effects of enhanced spin-orbit coupling
and supramolecular helical order that suppress non-radiative
decay. Importantly, doping Br10Ch with an achiral fluorophore
(8CNS) enabled green CPF via triplet-to-singlet FRET, accom-
panied by inversion of CPL handedness (gj,m = —0.34) due to
selective reflection within the N* matrix. These findings estab-
lish a modular and tunable strategy for achieving efficient CP-
RTP emission in organic systems, offering new design avenues
for advanced chiral photonic devices. The use of cholesteric
LCs as supramolecular scaffolds highlights the potential of
liquid crystalline order in directing optical anisotropy and
improving triplet-state harvesting. Furthermore, our demon-
stration of CPL handedness inversion via structural modulation
provides a foundation for dynamic optical control. This study
contributes a significant advancement in the rational design of
purely organic chiroptical phosphors and opens possibilities
for future applications in displays, data encryption, sensing,
and other optoelectronic technologies.
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