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Dichroic Dyes Mediated Mirrored Full-Color and White Circularly 
Polarized Luminescence in Natural Cholesteric Liquid Crystals 
Systems 
Chenlan Li,a Linda Yang,a Yang Li,b Jianquan Liu*a and Yihan Chen*a

Natural chiral dopants have been widely employed in liquid crystal displays, biomedicine, and chiral optical materials owing 
to their easy availability of chirality and excellent biocompatibility. However, most natural chiral compounds exist exclusively 
as single enantiomer, which severely restricts their application scope in circularly polarized luminescence (CPL). Herein, we 
design and synthesize a class of full-color dichroic dyes capable of modulating the handedness of CPL signals without relying 
on chiral dopants. In natural chiral dopant-incorporated cholesteric liquid crystal (CLC) systems, these dyes with a unique 
excited-state intramolecular proton transfer (ESIPT) isomeric structure achieve mirror-symmetric full-color and white CPL. 
This work expands the application of natural chiral compounds in CPL materials and provides a novel, sustainable strategy 
for high-performance CPL devices and flexible optical displays.

Introduction
Circular polarization describes the spatial rotation of light waves as 
they propagate over time, enabling precise control over the emission 
spectral distribution and propagation behavior.1-3 This unique 
characteristic endows circularly polarized luminescence (CPL) 
materials with immense application potential in frontier fields such 
as 3D displays, visible light communication systems, and high-
security encryption technologies.4-6 Thus, research on CPL-active 
materials has garnered significant attention in recent years, with 
intensive efforts focused on optimizing their key performance 
metrics. Currently, one of the primary challenges is achieving CPL 
materials with a high dissymmetric factor (|glum|), a critical 
parameter that directly determines the efficiency of chiral light 
emission and practical applicability.7, 8

Emissive cholesteric liquid crystals (CLC) have emerged as a 
versatile and effective platform for realizing high |glum| values, 
leveraging the chiral supramolecular co-assembly of their 
components.9-11 Notably, CLC can be readily fabricated via two 
common strategies: either doping chiral inducers (chiral dopants) 
into nematic liquid crystals (NLC)12, 13 or via the self-assembly of chiral 
liquid crystal molecules themselves.14, 15 Among these approaches, 
the utilization of natural chiral compounds as dopants has garnered 
particular interest due to their intrinsic biocompatibility, structural 
diversity, and cost-efficiency.16-18 When CLC form an ordered 
periodic helical superstructure, they can act as a chiral 

microenvironment. Upon incorporation of achiral dichroic dyes into 
this matrix, intermolecular chirality transfers and induction effects 
take place between the CLC host and guest dyes, leading to 
significant amplification of the CPL signal.19, 20

However, a critical limitation of natural chiral dopants lies in their 
inherent single-handedness. Most natural chiral molecules (e.g., 
amino acids, sugars, and cholesterol derivatives) exist predominantly 
in only one enantiomeric form, with the opposite enantiomer often 
being costly to synthesize or even commercially unavailable.21, 22 This 
constraint greatly restricts the flexible design, performance 
optimization, and practical deployment of CPL materials, since the 
handedness of CPL in CLC systems is usually governed by the helical 
direction of the CLC matrix, which is fixed by the dopant chirality. 
Therefore, it is crucial to develop strategies enabling independent 
control over CPL handedness without relying on the synthesis of 
opposite enantiomers of chiral dopants.

Recent studies indicate that dichroic dyes possess the unique 
capability to modulate the handedness of CPL emission, even when 
embedded in a CLC host with a fixed spiral direction.23-25 Building on 
this insight, herein we designed a series of dichroic molecules with 
different emission wavelengths covering red, green, and blue 
regions, which possess ESIPT properties enabling the modulation of 
dichroism. By incorporating these dyes into CLC derived from a single 
natural chiral dopant (cholesterol derivative), we successfully 
achieved full-color and mirror-image CPL covering the visible range, 
as well as white circularly polarized luminescence (WCPL), as shown 
in Scheme 1. This strategy not only circumvents the limitation of the 
single-handedness of natural chiral dopants but also provides a 
simple, cost-effective route to full-color and white CPL materials, 
holding great promise for advancing their practical applications.
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Scheme 1. Comparison of CPL achieved in co-assembled CLC: Conventional naturally chiral dopant-induced CLC with single handedness 
versus full-color dichroic dye-mediated CLC systems with mirror-symmetric CPL signals.

Results and discussion
Photophysical properties
A series of excited-state intramolecular proton transfer (ESIPT)-
active dichroic dyes were synthesized by introducing distinct 
substituents Arn (Fig. 1a) onto the core skeleton of imidazole-
phenanthrenequinone isomers, yielding compounds P1, P2, P3 and 
N1, N2, N3, respectively. The detailed synthesis procedures and 
characterization of these molecules are provided in the Supporting 
Information (Experimental Section, Fig. S12-24 and Table S1). The 
optical properties of these compounds were studied in 
tetrahydrofuran (THF) solution at a concentration of 10-5 mol/L. 
Emission spectroscopy measurements revealed that the ESIPT 
molecules P1, P2, and P3 exhibit characteristic emission peaks at 430 
nm, 507 nm, and 563 nm, respectively (Fig. 1b). Similarly, the 
isomeric molecules N1, N2, and N3 display identical emission maxima 
at 430 nm, 507 nm, and 563 nm, respectively, which is attributed to 
their identical isomeric molecular skeletons. In the ground state, 
these dyes exist in the enol form. Upon excitation, intramolecular 
proton transfer occurs, producing the keto form in the excited state 
and resulting in a large apparent Stokes shift.14, 26, 27 Notably, the 
absorption spectra of these ESIPT derivatives are all confined to the 
UV region (Fig. 1c). As a result, there is almost no spectral overlap 
between their absorption and emission bands and thus minimizing 
the self-absorption of the molecules. 

Fig. 1. a) The molecular structure of dichroic dyes isomers in CLC 
system; b) Emission spectra and c) UV-vis absorption of positive and 
negative dichroic dyes.

Dichroic properties
To verify the dichroism of the three dyes, the polarization 
fluorescence (FL) spectra of achiral dyes in liquid-crystal media were 
quantitatively measured and described by the SF values.28-30 The 
emissive NLC systems, NLC-P1~P3 and NLC-N1~N3, were prepared by 
doping 1 wt% of dichroic dyes P1~3 and N1~3 into the commercial 
NLC E7 respectively. After injecting the NLC into aligned liquid crystal 
cells, the FL spectra parallel (F ∥ ) and perpendicular (F ⊥ ) to the 
molecular orientation were measured, as shown in Fig. 2a, 2b and 
Fig. S1. The stronger F ∥  emission intensity confirmed the positive 
dichroic nature of P1~P3, with an SF value of 0.08, 0.18 and 0.41 
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(Equation S1). The stronger F⊥ emission intensity of N1~3 indicated 
their negative dichroic properties, with SF values of -0.09, -0.27 and -
0.40, respectively. Notably, the SF values of P1~2 and N1~2 in E7 are 
lower than those of P3/N3. This difference can be ascribed to the 
more extended conjugated backbone of P3/N3, which strengthens 
intermolecular interactions with the E7 host and thereby gives rise 
to a higher orientational order. Accordingly, dichroic dyes with high 
SF can be achieved via rational structural engineering of ESIPT-active 
dichroic molecules.

Fig. 2. a) Polarized FL spectra of the NLC-P3 and b) NLC-N3; c) DFT 
calculation of the molecules P3 and d) N3 (red arrow indicates the 
TDM vector and green rod indicates the MOI axis); e) POM images of 
S-CLC-P3 and f) S-CLC-N3.

To investigate the origin of the difference between these positive 
and negative dichroic behavior of the achiral dyes, we performed 
density functional theory (DFT) calculations using the B3LYP/6-31G 
method with the Gaussian 09 program.31 The results, shown in Fig. 
2c, 2d and Fig. S2, revealed that the transition dipole moment (TDM) 
vectors for the ESIPT dyes extend from the imidazole group to the 
carbonyl group. Fundamentally, a smaller angular deviation between 
the molecular orientation axis (MOI) and the TDM vector 
corresponds to a higher SF value.24 Based on this principle, the 
molecular design of N1~N3 was implemented by anchoring 
mesogenic units onto the imidazoline ring in a direction 
perpendicular to the TDM vector, thereby amplifying their negative 
dichroism. In contrast, the mesogenic groups of P1~P3 were 
conjugated to the imidazoline ring parallel to the TDM orientation, 
which endows these dyes with positive dichroic dichroism. Basically, 
the theoretical calculation results demonstrate that the molecular 
design and structural features of ESIPT molecules enable the 
effective regulation of their dichroic properties.

To construct natural chiral-derived CPL-active CLC materials, 
commercially available cholesteryl oleyl carbonate (C1, a 
representative cholesterol derivative) was utilized as the chiral 
dopant, and emissive CLC composites were fabricated by doping C1 

together with achiral dichroic dyes into commercial NLC E7. Taking 
P2 as a reference, LC cell thickness and the doping concentrations of 
the chiral inducer and achiral dyes were optimized (Fig. S3 and S9). A 
characteristic fingerprint texture was observed in the POM images of 
the CLC (Fig. 2e, 2f and Fig. S4), indicating the formation of a highly 
ordered helical superstructure through the co-assembly process. The 
helical pitches were calculated to be 7.59, 8.28, 7.03, 7.71, 7.74 and 
7.15 μm, respectively, which are evidently larger than the range of 
the visible light region (Fig. 3a, b and Fig. S6). Based on these 
measurements, we can rule out the possibility that the effect of 
selective reflection plays a role in the CPL emission.9, 32-34 The 
handedness of the helix was confirmed by comparing the CLC to 
natural cholesteryl oleyl carbonate, which is known to exhibit a left-
handed structure.35-36 As shown in Fig. 3c, d and Fig. S7, all CLC-P1~P3 
and CLC-N1~N3 exhibited a left-handed helix with a continuous 
pattern at the contact zones of the CLC and cholesteryl oleyl 
carbonate. These results reveal achiral dichroic dyes hardly change 
the CLC superstructure, demonstrating their dichroism modulate CPL 
polarization without disrupting the helical structure.

Fig. 3. POM images of a) S-CLC-P3, b) S-CLC-N3 in wedge liquid 
crystal cells; Miscibility test of c) S-CLC-P3 and d) S-CLC-N3 induced 
by cholesteryl oleyl carbonate.

Chiroptical properties
Emissive CLC were then prepared by doping 1.5 wt% of P1~P3 and 
N1~N3 into the E7 host containing 1.5 wt% of cholesteryl oleyl 
carbonate, respectively, then injected them into 15 μm thick quartz 
cells. The chiroptical properties of these CLC in the ground states 
were further investigated. The circular dichroism (CD) spectra of all 
these CLC revealed a strong mirror-image effect and significant 
Cotton effects from 280 to 400 nm (Fig. 4a). The band at 310 nm is 
attributed to the chiral co-assembly between the CLC host and 
achiral dyes, indicating that they share the same helical 
superstructure in the CLC host. The strong absorption at 380 nm 
corresponds to the absorption of the achiral dichroic dyes 
themselves. These pronounced CD signals are the result of efficient 
chiral transfer from the CLC host to the achiral dyes during the co-
assembly process.37 However, the CD signals of S-CLC-P1~P3 and S-
CLC-N1~N3 exhibited opposite polarization in the range of 370 to 400 
nm, which is likely due to the inverted TDM helix induced by the 
different dichroism nature of the ESIPT dyes.38, 39 
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To further elucidate the chiroptical performance of the co-
assembled CLC systems, the intrinsic chiral excited-state 
characteristics of the CLC systems were evaluated via CPL 
spectroscopy. For CLC-P1~P3, strong positive CPL signals were 
observed, with glum values of −0.23 at 425 nm, −0.28 at 524 nm, and 
−0.29 at 605 nm (Fig. 4b), which were in good agreement with CLC 
emission spectra (Fig. S5). In contrast, CLC-N1~N3 displayed strong 
negative CPL signals, with glum values of 0.21 at 476 nm, 0.28 at 525 
nm, and 0.30 at 608 nm, which was highly consistent with their CD 
spectral trends. Importantly, despite using the same chiral inducer, 
CLC-N1~N3 exhibited opposite CPL polarizations compared to CLC-
P1~P3. This behavior can be attributed to the different the TDM 
vectors of achiral dichroic dyes. Notably, CPL intensities of the CLC 
correlated well with the SF values of the corresponding dyes. S-CLC-
P3/N3 exhibited the strongest CPL emission, owing to efficient 
chirality transfer from chiral dopant C1 to high-SF of P3/N3 in the CLC 
medium. These results confirm that rational modulation of ESIPT 
sites tunes dichroic properties of achiral dichroic dyes in CLC, 
enabling effective CPL regulation without altering the superstructure 
of the CLC host. The occurrence of linear dichroism/linear 
birefringence effect was ruled out by observing no change in the CPL 
spectrum upon sample rotation and flipping (on the front and back 
sides of the flat cells, Figure S10). 

Fig. 4. a) CD and b) CPL spectra of S-CLC-N1-N3 and S-CLC-P1-P3.

WCPL properties
White circularly polarized luminescence (WCPL) integrates circular 
polarization and broadband white emission, attracting considerable 
attention due to its promising applications in information storage, 
biomedicine, and optoelectronic devices.40-42 Conventional CLC-
based WCPL relies on enantiomeric chiral dopant doping43-45,  making 
it challenging to obtain mirrored WCPL using a single natural chiral 
dopant and thus limiting the application of natural chiral molecules. 

Herein, we achieve mirror-symmetric WCPL in CLC with a single 
natural chiral dopant (C1) by adjusting the ratio of full-color dichroic 
dyes. Specifically, white-light-emitting S-CLC-W1 with positive CPL 
signals was prepared by tuning the ratio of N1~N3 (1:0.1:2.1 wt%) in 
E7 liquid crystals (LC) doped with 1.5% C1. While S-CLC-W2 with 
negative CPL signals was obtained by adjusting the ratio of P1~P3 
(1:0.23:2.3 wt%) in the same C1-doped E7 LC. Both ternary S-CLC-W1 
and S-CLC-W2 retained obvious fingerprint textures (Fig. S8), 
confirming the formation of stable CLC phases. Under 365 nm 
excitation, both samples exhibited four emission peaks at 395, 422, 
488, and 581 nm, originating from E7 and the N1~N3/P1~P3 dyes, 
respectively (Fig. 5a).The fluorescence quantum yields of CLC-W1 
and CLC-W2 were 6.5% and 5.6%, with chromaticity coordinates (CIE) 
centered at (0.32, 0.34) and (0.31, 0.33), respectively (Fig. 5b). These 
results verify that the constructed CLC systems achieve stable white-
light emission with well-defined chromaticity. Notably, S-CLC-W1 

and S-CLC-W2 showed distinct mirror-image CPL signals in the 400-
750 nm range (Fig. 5c), consistent with the fluorescence emission of 
the achiral dyes (Fig. 1b), and their |gₗᵤₘ| values ranged from 0.2 to 
0.4 (Fig. 5d), which are considerably larger than those of previously 
reported white CPL-active materials.46-49 Therefore, This type of 
standard mirror-image and white CPL with desirable |gₗᵤₘ| values 
can be generated through the highly ordered helical stacking of these 
full-color dichroic dyes, mediated by the co-assembly of CLCs with 
only one natural chiral dopant. Then we investigated the CPL 
variations of CLC-W1 and CLC-W2 under an external electric field for 
practical device applications. Upon applying 8 V voltage, the CPL 
signal dropped to nearly zero. This performance could be rapidly 
restored over 5 cycles with negligible attenuation. The change of CPL 
signals under external electric field originates from the 
transformation of the CLC superstructure: the planar chiral 
arrangement converts to a vertical nematic phase(Fig. S11 and S12).

Fig. 5. a) FL intensity of S-CLC-W1 and S-CLC-W2 (insert: Photograph 
of the S-CLC-W1 and S-CLC-W2); b) CIE diagram of the S-CLC-W1 and 
S-CLC-W2; c) CPL and d) glum spectra of S-CLC-W1 and S-CLC-W2.

Conclusions
CLC-based CPL materials hold profound scientific significance and 
enormous practical value in chiroptical luminescence and advanced 
optoelectronic fields, attributed to their facile fabrication and large 
|gₗᵤₘ| values. To address the inherent single-handedness limitation 
of natural chirality and expand their application scope in CPL 
systems, we synthesized a series of full-color dichroic dyes via precise 
molecular structure engineering. Leveraging this strategy, mirrored 
full-color CPL and white CPL were readily achieved in natural 
cholesteric liquid crystals system. This work not only advances the 
practical application of natural chirality in the CPL field but also 
provides a novel, sustainable strategy for high-performance CPL 
devices and flexible optical displays.
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