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Excitation-dependent circularly polarized
luminescence triggered by selective excitation of
achiral dichroic dyes in cholesterol liquid crystals
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Excitation-dependent (ExD) circularly polarized luminescence (CPL) holds great potential for applications in
anti-counterfeiting and information encryption due to its low cost, ease of operation, and reversibility. In
this study, we propose a strategy to obtain ExD CPL by selective excitation of dyes with distinct
dichroism and excitation wavelengths in a chiral liquid crystal (CLC) host. R/S-CLC-PG doped with the
green-emitting dye EG (negative dichroism, S = —0.31) and red-emitting PTZ (positive dichroism, S¢ =
0.15) can emit green CPL (—0.48/0.37 at 530 nm) at 365 nm excitation and inverted red CPL (0.53/—0.53
at 620 nm) at 420 nm excitation. In addition, R/S-CLC-PR doped with PTZ and red-emitting dye ER
(negative dichroism, Sg = —0.30) can emit red CPL (-0.16/0.13 at 620 nm) at 365 nm excitation and
inverted red CPL (0.52/—0.55 at 620 nm) at 420 nm excitation. This work presents a versatile platform
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Introduction

Counterfeit products have emerged as a serious menace that
exerts detrimental impacts on multiple crucial aspects,
including the global economy, national security, and human
health.” Over the past few decades, in order to combat the
rampant problem of counterfeiting, a vast number of anti-
counterfeiting  technologies have been painstakingly
developed.*” Circularly polarized luminescence (CPL) has
emerged as an area with high potential within the anti-
counterfeiting field, particularly in the domain of information
security.*** CPL-based anti-counterfeiting techniques take
advantage of the unique optical properties of materials to
encode and decode information in a manner that is extremely
difficult for counterfeiters to mimic. The distinctive polariza-
tion characteristics of CPL can be utilized to generate secure
markings or labels, which can be precisely detected and verified
by means of specialized optical devices.’*™**

The excitation-dependent (ExD) CPL material is a type of CPL
material whose CPL signal can respond to the excitation
wavelength.'*™ This responsiveness imparts an additional level
of complexity and security to the anti-counterfeiting process,
enabling a dynamic and multi-level authentication
mechanism.**? When such materials are integrated into anti-
counterfeiting systems, it becomes even more arduous for
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for developing ExD CPL materials with potential applications in anti-counterfeiting devices.

counterfeiters to replicate or circumvent the authentication
process. In 2022, Liu's group reported an EXD-CPL material
based on helical nanostructures derived from chiral tartaric
acylhydrazone derivatives.* Notably, the emission wavelength
could not only be tuned by the excitation wavelength, but the
handedness of the CPL could also be modulated in either an
inverted or ON/OFF manner. More recently, they further devel-
oped an ExD circularly polarized phosphorescence (CPP)
material within a supramolecular gel system.>® In 2024, Ding
et al. reported ExD-CPL from chiral emissive metal-organic
frameworks doped with ExD dyes, enabling effective chirality
transfer.>* However, there are still two problems that need to be
overcome in the ExD CPL area: firstly, it is essential to enhance
the gium value. Secondly, a strategy should be developed to
simultaneously achieve wavelength tunability and exert precise
control over the CPL handedness for ExXD-CPL materials.>”">*
Using emissive cholesteric liquid crystals (CLCs) has been
recognized as an effective approach for achieving high
dissymmetry factor (gjum) values through chiral supramolecular
co-assembly.?**' This co-assembly typically forms an ordered,
regular CLC texture, resulting in a pronounced CPL amplifica-
tion effect in achiral dyes through intermolecular chirality
transfer and induction mechanisms.**** Inspired by common
methods for achieving multicolor emission in organic light-
emitting diodes-such as incorporating luminophores with
different emission colors into a single polymer or constructing
multiple emitting centers in a single-component molecular
crystal to obtain multicolor emission at different excitation
wavelengths,**~** we propose that ExXD CPL can be achieved by
incorporating multiple achiral emitting dyes into a CLC host.
Moreover, by controlling the dichroism of achiral dyes, the
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handedness of CPL can be easily tuned in CLCs simultaneously
due to the controllable TDM vector helix other than the CLC
helix.>>*

To validate our hypothesis, we aim to prepare a multicom-
ponent co-assembled CLC by doping multiple dyes (Scheme 1a)
into a single CLC host. We first selected the excited-state
intramolecular proton transfer (ESIPT) dyes EG (Sp = —0.31)
and ER (S = —0.30) as examples of achiral negative dyes due to
their unique emission process.*>*> Due to the special proton
transfer emission process, the negative dichroic dyes ER and EG
can only be excited using UV light. In contrast, the positive
dichroic dye PTZ (Sg = 0.15), a donor-acceptor dye with an
intramolecular charge transfer (ICT) emission process, can be
excited at both 365 nm and 420 nm, with emission occurring at
600 nm. By doping PTZ with ER in an appropriate ratio, the
resulting R/S-CLC-PG can emit green CPL (—0.48/0.37 at 530
nm) at 365 nm excitation and inverted red CPL (0.53/—0.53 at
620 nm) at 420 nm excitation. Similarly, by doping PTZ with ER
at an appropriate ratio, the resulting R/S-CLC-PR can emit red
CPL (—0.16/0.13 at 620 nm) at 365 nm excitation and inverted
red CPL (0.52/—0.55 at 620 nm) at 420 nm excitation. This
strategy can be applied to construct ExXD CPL that allows
simultaneous control of the emission wavelength and CPL
handedness by selecting excitation of dyes with a distinct exci-
tation wavelength and dichroism. These dynamic CPL materials
could be wused for information encryption and anti-
counterfeiting applications.
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(@) Molecular structures of chiral inducer R/S-1, positive dichroic dye PTZ and negative dichroic dyes EG and ER. (b) Schematic

65 nm and 420 nm excitation.

Results and discussion

The detailed synthesis procedures and characterization of EG,
ER, and PTZ are provided in the SI. The photophysical proper-
ties of these compounds were studied in THF solutions at
a concentration of 10> mol L™ " (Fig. 1 and S1). The excitation
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Fig. 1 Excitation and emission spectra of (a) PTZ, (c) EG and (e) ER.
Polarized FL spectra of (b) PTZ, (d) EG and (f) ER.
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spectrum of PTZ is shown in Fig. 1a, with an obvious excitation
peak at 420 nm, which can be attributed to the ICT effect from
phenothiazine to the p-bromophenylacetonitrile group.*® The
emission peak of PTZ is located at 575 nm. The ESIPT molecules
EG and ER emit at 507 nm and 563 nm (very close to that of
PTZ), respectively, in THF (Fig. 1c and e). In the ground state,
these dyes exist in the enol form. Upon excitation, proton
transfer occurs, producing the keto form in the excited state and
resulting in a large apparent Stokes shift. Notably, the absorp-
tion spectra of these ESIPT derivatives are all confined to the UV
region (Fig. S1), resulting in almost no spectral overlap between
their absorption and emission bands.*

To verify the dichroism of the three dyes, quantified using
the Sr value, the polarized fluorescence (FL) spectra of the
achiral dyes were measured in a liquid crystal medium.* The
emissive nematic liquid crystal (NLC) systems, NLC-PTZ, NLC-
EG, and NLC-ER, were prepared by doping 1 wt% of PTZ, EG,
and ER (Table S1), respectively, into the commercial NLC E7.
After injecting the NLCs into aligned liquid crystal cells, the FL
spectra parallel (F}) and perpendicular (¥,) to the molecular
orientation were measured, as shown in Fig. 1. The stronger F
emission intensity confirmed the positive dichroic nature of
PTZ, with an Sg value of 0.15 (eqn (S1)).* The stronger F
emission intensity of EG and ER indicated their negative
dichroic properties, with Sg values of —0.31 and —0.30, respec-
tively. To further investigate the origin of the dichroic behavior
of the achiral dyes, we performed density functional theory
(DFT) calculations using the B3LYP/6-31G method with the
Gaussian 09 program. The results, shown in Fig. S2, revealed
that the TDM vectors for the ESIPT dyes EG and ER extend from
the imidazole group to the carbonyl group. To enhance the
negative dichroism of the ESIPT dyes, EG and ER were designed
by attaching mesogenic units to the imidazoline ring in
a direction perpendicular to the transition dipole moment
(TDM) vector.*”

The CLC can be prepared by incorporating the chiral inducer
R/S-1 and achiral dyes into the commercially available NLC E7.%*
The doping concentrations of the chiral inducer and achiral
dyes were optimized using PTZ and R-1 as examples, as shown
in Fig. S3. R/S-CLC-P, R/S-CLC-EG, and R/S-CLC-ER were then
prepared by doping 1 wt% of PTZ, 1 wt% of EG, and 1.0 wt% of
ER into the E7 host with 1 wt% of R/S-1, respectively (Table S1).
The chiroptical properties of these CLCs were measured by
injecting them into 15 um thick quartz cells, as illustrated in
Fig. 2. The circular dichroism (CD) spectra revealed that CLCs-P
exhibited a strong mirror-image effect and significant Cotton
effects from 280 to 550 nm (Fig. 2a and S4). The band at 300 nm
is attributed to the chiral co-assembly between the CLC host
and PTZ,* while the strong absorption at 450 nm corresponds
to the absorption of the PTZ dye itself. These pronounced CD
signals are likely the result of efficient chiral transfer from the
CLC host to the achiral dyes during the co-assembly process.
Similarly, the CD signals of CLCs-EG and CLCs-ER (Fig. 2c and
e) showed the same polarization as CLC-P in the 280 to 300 nm
range, indicating that they share the same helical superstruc-
ture in the CLC host. However, for EG and ER, the CD signals
from 370 to 400 nm exhibited opposite polarization, likely due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 CD and CPL spectra of (a and b) R/S-CLC-P, (c and d) R/S-CLC-
EG and (e and f) R/S-CLC-ER.

to the negative dichroic nature of the ESIPT dyes (resulting in an
inverted TDM helix).>®

Next, the CPL spectra of the CLCs were measured. R/S-CLCs-
P exhibited strong CPL signals with gy, values of +0.59 and
—0.53 at 620 nm, which corresponded well with the emission of
PTZ (Fig. 1b). The red shift in the emission spectra is likely due
to the polarity difference between the E7 host and THF.** R/S-
CLCs-EG displayed strong CPL signals (gjum = —0.39 and +0.42)
at 530 nm (Fig. 2d and S5). Interestingly, CLCs-EG, with the
same chiral inducer, showed opposite CPL polarizations. This
behavior can be attributed to the different dichroic properties of
the achiral dyes.*” A similar trend was observed in the CPL
spectra of CLCs-ER (gjum = —0.41 and +0.43), with the CPL
wavelength matching well with that of CLCs-P (Fig. 3f). The FL
intensities of the CLCs exhibited clear differences under left-
and right-handed circular polarization filters (L/R-CPFs), visible
to the naked eye, confirming the large gj,m values of the CLCs
(Fig. S6).>
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The POM images of the CLCs were examined to investigate
their superstructure in detail. A characteristic fingerprint
texture was observed in the CLCs (Fig. S7a-c), indicating the
formation of a highly ordered helical superstructure through
the co-assembly process.® The direction of the helix was
confirmed by comparing the CLCs to natural CLCs, such as
cholesteryl oleyl carbonate, which is known to exhibit a left-
handed structure.®*** As shown in Fig. S7d-i, the schlieren
texture observed at the contact zones of the R-CLCs and chol-
esteryl oleyl carbonate confirmed a right handed structure.
Similarly, the S-CLCs exhibited a left-handed helix with
a continuous pattern. These results demonstrate that the
superstructure of the CLCs was not affected by the achiral dyes.
The helical pitches were calculated to be 4.9, 5.3, 6.1, 4.7 and 4.9
um, respectively, which are evidently larger than the range of
the visible light region (Fig. S8). Based on these measurements,
we can rule out the possibility that the effect of selective
reflection plays a role in the CPL emission. This finding further
confirmed that the CPL polarization of the CLCs could be
controlled by the dichroism of the achiral dyes, despite the
CLCs having the same helical structure.

Furthermore, achiral dyes PTZ, EG, and ER were co-doped
into a single CLC to construct an ExD CPL material. The exci-
tation and emission spectra of the individual CLCs are shown in
Fig. S9. CLC-PTZ exhibited a clear excitation peak at 450 nm,
consistent with its behavior in solution. In contrast, CLC-EG
and CLC-ER showed negligible excitation efficiency above
400 nm. Based on the quantum yields of CLC-P (17.53%), CLC-
EG (12.4%), and CLC-ER (3.6%), the doping ratios were opti-
mized, as shown in Fig. S10. The doping ratios of PTZ:EG 0.2 :
1.0 wt% (R-CLC-PG5) and 0.14:1.0 wt% (R/S-CLC-PG) were
selected for CPL measurements. In R-CLC-PG5, a weak CPL
signal was observed at 620 nm, whereas in R/S-CLC-PG (Table
S1), the gium value at 620 nm was nearly zero. As a result, R/S-
CLC-PG was chosen to demonstrate the EXD CPL behavior with
different emission wavelengths. The CD spectra of CLCs-PG
showed a clear stacking effect, combining the features of
CLCs-P and CLCs-EG. The CD signals between 280 nm and
350 nm are attributed to the helical superstructure of the CLC
host, and the peak handedness matched that of R/S-CLCs-P
(Fig. 2). The CD peaks at 385 nm weakened due to the
opposing dichroism of PTZ and EG. At longer wavelengths, the
PTZ dye dominated, and the handedness aligned with that of R/
S-CLCs-P.***” The EXD CPL behavior is clearly shown in Fig. 3b,
where the gj,m, values shifted from —0.48/0.37 at 365 nm exci-
tation to 0.53/—0.53 at 420 nm excitation (Fig. S11). This is due
to the selective excitation of the achiral dyes. Under 365 nm
light, both PTZ and EG were excited and the CPL of EG domi-
nated. Under 420 nm irradiation, only PTZ was excited and
inverted red CPL could be observed. The FL spectra and
photographs at different excitation wavelengths, shown in Fig.
S12-S14, further confirm the ExD CPL phenomenon in the
CLCs.

The ratios of PTZ to ER (0.2 : 1.0 wt% for R-CLC-PR5, 0.14:
1.0 wt% for R/S-CLC-PR, and 0.11 : 1.0 wt% for R-CLC-PR9) were
selected for CPL measurements. The g, values shifted from
—0.1 for R-CLC-PR5 to —0.16 for R-CLC-PR and —0.21 for R-CLC-
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PR9 as the PTZ ratio increased (Fig. S10 and 3d). This trend
demonstrates the selective excitation mechanism underlying
the ExD CPL behavior.*® Based on the CPL intensity and emis-
sion characteristics at different excitation wavelengths, R/S-
CLC-PR (Table S1) was chosen to exhibit the ExD CPL at a fixed
wavelength. The CD spectra of CLCs-PR also showed a clear
stacking effect from the CD spectra of CLCs-P and CLCs-ER
(Fig. 3c). In the CPL spectra, the ExXD phenomenon is clearly
observed as shown in Fig. 3d. The gjun, values shift from —0.16/
0.13 at 365 nm excitation to 0.52/—0.55 at 420 nm excitation
(Fig. S11). Importantly, this switching behaviour occurs without
significant attenuation, enabling potential long-term use (Fig.
S15).

The POM images of the dual-dye-doped CLCs were examined
to further investigate their superstructure in detail. Character-
istic fingerprint textures were observed in these CLCs (Fig. 4),
indicating that the highly ordered helical superstructures
remained intact even after doping with more than one dye. The
direction of the helix was then confirmed. As shown in Fig. 4cf,
the R-CLCs exhibited a right-handed structure, while the S-CLCs
displayed a left-handed helix. These results demonstrate that
the superstructure of the CLCs is unaffected by the achiral dyes.
This finding further confirms that the EXD CPL of the CLCs can
be engineered by doping achiral dyes with different dichroisms
and excitation spectra.

By utilizing the EXD CPL properties of CLCs-PR, an infor-
mation anti-counterfeiting device is proposed,>® as shown in
Fig. 5. The three LC inks (A, B, and C, representing S-CLC-P, R-
CLC-P, and S-CLC-PR, respectively) all exhibited orange emis-
sion under UV light. Initially, different information was enco-
ded using binary codes of standard 8-bit ASCII characters.
Subsequently, the three CLC inks were injected into an 8 x 3
pixel array according to a predefined pattern. Under 365 nm

Fig.4 POM images of (a) R-CLC-PG and (b) R-CLC-PR. The miscibility
test of (c) R-CLC-PG, (d) R-CLC-PG, (e) S-CLC-PR and (f) S-CLC-PR
with a cholesteryl oleyl carbonate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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under excitation at 365 nm.

light, the message “WTO” could be easily detected in the fluo-
rescence mode. We defined cells emitting L-CPL as outputting
the number “1,” while the others output “0.” When the array
was scanned using CP light analysis tools, the message “CTO”
appeared under 365 nm UV light, and the actual information
“CPL” could be obtained under 420 nm UV light. Fig. S16
presents the FL images obtained under 365 nm and 420 nm
excitation wavelengths. Distinct intensity variations between
samples are discernible under 365 nm illumination, whereas
the 420 nm excitation exhibited diminished contrast due to
pronounced background interference. Notably, the encrypted
pattern could only be reliably deciphered through CPL detec-
tion, demonstrating enhanced security through wavelength-
selective decryption.

A complementary anti-counterfeiting demonstration is
illustrated in Fig. S17. The hierarchical pattern features R-CLC-
PG-printed floral elements and S-CLC-EG-printed foliar
components. Under 365 nm irradiation, the flower and leaf
motifs exhibit yellow and green emission, respectively. Spectral
modulation occurs under 420 nm excitation, with the floral
component demonstrating a red emission while the foliar
elements are non-emissive. Furthermore, the implementation
of L-CPF enables dynamic FL intensity change, enabling
a multi-level anti-counterfeiting system with spectral and
polarization dual-responsive characteristics.

The security of the anti-counterfeiting labels is greatly
enhanced by their higher complexity compared to traditional
fluorescence codes. Furthermore, inspection is not overly diffi-
cult, requiring only different excitation light sources. In addi-
tion, these labels exhibit improved longevity, preventing failure
during extended use. Together, these features highlight the
potential of these labels as effective daily anti-counterfeiting
solutions.

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

In conclusion, we have presented a strategy to achieve ExXD CPL
in a single CLC through selective excitation of achiral dichroic
dyes with different dichroism and excitation wavelengths.
When the excitation wavelength was changed from 365 nm to
420 nm, the CPL emission color of CLCs-PG shifted from green
(530 nm) to red (620 nm), with an inversion of CP handedness.
In CLCs-PR, the CP polarization inverted significantly without
obvious change in the emission wavelength through emission
wavelength design. Based on the experimental results and
theoretical calculations, the selective excitation of different
dichroic dyes is responsible for the EXD CPL. This study not only
provides a versatile and widely applicable platform for con-
structing ExXD CPL materials but also offers guidelines for
developing materials for long-term, multilevel information anti-
counterfeiting applications.
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