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An emissive chiral nematic liquid crystal (N*-LC-MBBA/CPDI) was
fabricated by doping an achiral nematic liquid crystal (N-LC),
namely N-(4-methoxybenzylidene)-4-butylaniline (MBBA), which
exhibits a negative dielectric anisotropy (A¢ < 0), with the chiral
luminophore  N,N’-bis(1-cyclohexylethyl)perylene-3,4,9,10-tetra-
carboxylic diimide (CPDI). In contrast to the previously reported
emissive chiral N-LC (N*-LC-6CB/CPDI) composed of a positive
dielectric anisotropy N-LC, N*-LC-MBBA/CPDI exhibited no circularly
polarised luminescence (CPL) in the absence of a direct current (DC)
electric field. However, upon the application of a DC electric field, a
pronounced CPL signal emerged due to helical axis reorientation in the
chiral nematic host. Under the optimised conditions, the system
displayed a high dissymmetry factor with |gcp,| values reaching up to
0.36. Moreover, the CPL response was reversible and continuously
switchable upon electric field modulation. Overall, this study presents
an effective strategy for the development of functional CPL-switching
devices based on the DC field-driven control of N*-LCs.

Chiral nematic liquid crystals (N*-LCs), which are formed by
doping nematic liquid crystals (N-LCs) with a small amount of
chiral dopants, exhibit characteristic helical structures that
impart unique optical properties, including circularly polarised
luminescence (CPL)."” The dynamic control of these helical
structures by external stimuli has attracted significant attention
in recent years, especially for enabling on-demand CPL switching.
Electric field-induced control of CPL on/off switching is of
particular interest because of its potential applications in optical
information processing and advanced display technologies.®™**
Previously, our group demonstrated CPL on/off switching by
doping an N-LC exhibiting positive dielectric anisotropy (i.e., 4-
cyano-4'-hexylbiphenyl (6CB)) with (R,R)/(S,S)-N,N’-bis(1-cyclo-
hexylethyl)perylene-3,4,9,10-tetracarboxylic diimide ((R,R)/(S,S)-
CPDI) as an emissive chiral dopant. In this system, the
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application of an electric field induced a phase transition from
the chiral nematic phase to the nematic phase by eliminating
the helical structure (Fig. 1)."* This approach effectively enabled
CPL switching via a phase transition mechanism. Additionally,
by controlling the temperature, CPL modulation was achieved
by utilising the phase transition between the LC phase and the
isotropic liquid state.

In contrast to these previous approaches, the present study
aims to successfully control the CPL by manipulating the
orientation of the helical axis in the chiral nematic phase, while
maintaining the helical structure itself. Specifically, an N-LC
exhibiting a negative dielectric anisotropy (i.e., N-(4-methoxy-
benzylidene)-4-butylaniline (MBBA)) is doped with an emissive
chiral dopant to achieve dynamic and reversible CPL off/on
switching by reorienting the helical axis under an applied
electric field (Fig. 1). N-LCs with negative dielectric anisotropy
are known to enable facile control of the molecular alignment
under an applied electric field, contributing to stabilisation of
the helical structure, which is advantageous for enhancing the
CPL properties. Thus, in contrast to N*-LC-6CB/CPDI, which
allows for fast, reversible, and continuous on/off switching of
the CPL intensity under an external electric field, this work aims
to realise an N*-LC-MBBA/CPDI system capable of off/on/off
switching of the CPL intensity. Such an approach should open
new pathways for the design of fast-response, robust CPL-active
materials with high switching stabilities, which are crucial for
the development of next-generation photonic devices.
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Fig. 1 Chiral perylene diimide luminophore CPDI, N-LC 6CB exhibiting a
positive dielectric anisotropy, and N-LC MBBA exhibiting a negative dielectric
anisotropy.
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Fig. 2 POM image of N*-LC-MBBA/(S,S)-CPDI.

The chiral emissive molecules, namely (R,R)-CPDI and (S,S)-
CPDI, were synthesised according to previously reported
procedures.'? Subsequently, (R,R)- and (S,S)-CPDI were indivi-
dually doped into the N-LC MBBA at a concentration of 1.0 X
107> M to prepare the target N*-LC-MBBA/(R,R)-CPDI and N*-
LC-MBBA/(S,S)-CPDI systems, respectively. The resulting N*-LC
materials were encapsulated in conductive indium tin oxide
glass cells to fabricate the LC devices.

The polarising optical microscopy (POM) image of N*-LC-
MBBA/(S,S)-CPDI obtained at 25 °C is shown in Fig. 2. A finger-
print texture characteristic of the chiral nematic (N*) phase is
clearly observed, indicating that (S,S)-CPDI effectively induces a
pronounced helical arrangement (i.e., chirality) in MBBA. This
texture further suggests that the helical axis is aligned parallel to
the cell substrate.

Subsequently, the chiroptical properties of N*-LC-MBBA/CPDI
were evaluated (Fig. 3). As previously reported, N*-LC-6CB/(R,R)-
and/(S,S)-CPDI, both of which exhibit positive dielectric aniso-
tropy, demonstrate strong photoluminescence (PL) and CPL at an
applied voltage of 0 V."* In contrast, in the N*-LC-MBBA/(R,R)-
and/(S,S)-CPDI systems, which exhibit negative dielectric aniso-
tropy, PL was observed at 0 V, but CPL was not detected (Fig. 3a).
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Fig. 3 CPL (top) and PL spectra (bottom) of N*-LC-MBBA/(R,R)-CPDI
(blue) and N*-LC-MBBA/(S,S)-CPDI (green) along with their corresponding
luminescence images (right-hand panels) acquired before voltage appli-
cation (a) at 0V, (b) at 5V, and (c) after voltage application at 0 V. CPL and
PL were performed at an excitation wavelength of 480 nm.
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The observed emission wavelength (le;,) of N*-LC-MBBA/CPDI
was approximately 550 nm, which originates from the fluores-
cence property of CPDI The absence of CPL could be attributed
to the perpendicular alignment of the LC molecules with respect to
the cell plane in N*-LC-MBBA/CPDI. In this system, the axis of the
induced helical structure is oriented horizontally (i.e., in the plane
of observation) relative to the cell substrate. Such an alignment
renders CPL emission along the observation direction particularly
difficult; indeed, almost no CPL was detected experimentally. This
was further supported by the clear fingerprint texture observed in
the POM image, which confirms both the formation of a helical
structure and the orientation of the helical axis (Fig. 2).

To elucidate the helical sense (chirality) of N*-LC-MBBA/
CPDI, a contact experiment was performed using cholesteryl
oleyl carbonate (COC), a standard left-handed (M-helical) cho-
lesteric material (Fig. 4). N*-LC-MBBA/CPDI and COC were
separately drop-cast onto different areas of a microscope slide,
and covered with a cover glass for observation. Upon contact
between these two samples, a continuous LC texture was
observed at the centre of the cell when N*-LC-MBBA/(S,S)-
CPDI was employed, indicating that the helical senses of both
samples were identical (Fig. 4a).

In contrast, when N*-LC-MBBA/(R,R)-CPDI was used, a dis-
continuous texture was identified at the cell centre, reflecting the
opposite helical senses of the two samples (Fig. 4b). These results
demonstrate that (S,S)-CPDI induces a left-handed helix, whereas
(R,R)-CPDI induces a right-handed helix in the N-LC host. In other
words, CPDI can transfer its chirality to the achiral N-LC matrix of
MBBA to generate a chiral nematic (N*) phase with a helical sense
corresponding to its own absolute configuration.

Subsequently, modulation of the N*-LC-MBBA/CPDI optical
properties was investigated under an applied voltage. Interest-
ingly, upon applying an external voltage of 5 V, the CPL intensity
of N*-LC-MBBA/CPDI increased dramatically, enabling the effi-
cient extraction of a strong CPL signal (Fig. 3b). The CPL spectra
of N*-LC-MBBA/(R,R)-CPDI and N*-LC-MBBA/(S,S)-CPDI exhib-
ited almost mirror-image relationships, with the CPL emission
wavelength (Acpr) being observed at 553 nm. The CPL spectra
originated from the chiral S; excited state, wherein a strong
negative CPL signal was detected for N*-LC-MBBA/(R,R)-CPD],
while a positive signal was observed for N*-LC-MBBA/(S,S)-CPDIL.
The degree of circular polarisation in the excited state is defined
by the dissymmetry factor (gcp;) according to the equation
Zopr = AIll = 2(I;, — Iy)/(I, + Iy), where I}, and I are the emission

Fig. 4 POM images obtained for (a) N*-LC-MBBA/(S,S)-CPDI and
(b) N*-LC-MBBA/(R,R)-CPDI in the contact experiment with COC.
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intensities of left- and right-circularly polarised light, respectively,
under non-polarised excitation. Consequently, the gcp, value for
N*-LC-MBBA/CPDI was determined to be approximately 0.36 at
553 nm. Given that the gcp, value for the PMMA/CPDI film was
previously reported to be 7.7 x 1077, the gcpp for N*-LC-MBBA/
CPDI is approximately 100-fold higher."” This significant enhance-
ment can be attributed to the chiral CPDI molecules being
effectively fixed within a suitably chiral environment formed by
the surrounding MBBA LC molecules. Specifically, the molecular
structure of MBBA is considered to form more specific and stronger
interactions with the side chains of CPDI. As a result, chirality was
more efficiently transferred from the chiral CPDI to the achiral
MBBA LC, thereby leading to the formation of an effective chiral
helical structure, which likely contributed to the high g-value.
Additionally, the suppression of thermally induced non-radiative
relaxation modes for CPDI and the selective reflection effect of N*-
LC-MBBA also likely contribute to the exceptionally high gcpy, value.

The POM image recorded for N*-LC-MBBA/CPDI under an
applied external electric field of 5 V is shown in Fig. 5(a). Under
these conditions, a pronounced change in texture was observed,
indicating dynamic reorientation of the helical axis in response to
the applied field. Prior to the application of this direct current
(DC) electric field, the LC molecules were aligned perpendicular
to the substrate, with the helical axis oriented parallel to the
substrate plane (i.e., in-plane), resulting in a fingerprint texture.
In contrast, upon application of the 5 V electric field, the LC
molecules reoriented parallel to the substrate, accompanied by a
reorientation of the helical axis perpendicular to the substrate
plane (i.e., out-of-plane). This reorientation led to a change in the
POM image from the characteristic fingerprint texture to a dim
twisted appearance. Interestingly, despite the disappearance of
the fingerprint texture, the other measurements confirmed that
the helical twisted structure was retained. This indicated that an
applied electric field caused the rod-like LC molecules to align
parallel to the substrate, whereas the helical axis was reoriented
from a parallel to a perpendicular alignment with respect to the
substrate surface. CPL measurements under an applied electric
field showed an enhanced CPL intensity compared to the zero-
field condition. This increase supports the conclusion that the
helical twist structure was preserved even when an electric field
was applied. This alignment was attributed to the negative
dielectric anisotropy of the MBBA LC molecules, which causes
the helical axis to orient perpendicular to the substrate. The
absence of a visible colour does not mean that selective reflection

(b)

Fig. 5 POM images of N*-LC-MBBA/(S,S)-CPDI acquired upon the appli-
cation of a DC voltage at (a) 5 V and (b) the corresponding image after
voltage application at 0 V.
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is absent; rather, it suggests that the selective reflection wave-
length shifts outside the visible spectrum. Therefore, Bragg
reflection still occurs at wavelengths beyond the detection range
of both the microscope and the human eye.

These findings demonstrate that the difference in the
dielectric anisotropy of achiral LCs determines whether the CPL
response follows an on/off or off/on switching pattern. This
unique alignment, in which the helical axis is oriented normal
to the substrate but the chiral twist remains intact, allows for
dynamic and reversible control of the CPL by switching the
electric field on and off. Such electric-field-induced modulation
of the CPL intensity and the degree of polarisation holds sig-
nificant potential for applications in advanced optical devices.

This CPL switching behaviour of N*-LC-MBBA/CPDI can be
explained by considering the following molecular alignment
control. In N*-LC-MBBA, the CPDI molecules align along the
rod-like MBBA LC molecules, and the perylene diimide cores are
approximately parallel to one another. However, they exhibit a
torsional arrangement, thereby forming a structure analogous to
the helical architectures of N*LCs. When using a vertically
aligned cell, the LC molecules are aligned perpendicular to the
substrate surface, resulting in an induced helical axis oriented
parallel to the substrate plane. In this alignment state, because
the observation direction is parallel to the helical axis, no CPL
emission is observed at 0 V. In contrast, upon the application of a
DC electric field (5 V), the MBBA LC molecules possessing
negative dielectric anisotropy realign within the substrate plane
(horizontal direction), concurrently reorienting the helical axis
perpendicular to the substrate plane. During this process, the
CPDI molecules undergo realignment following MBBA reorienta-
tion, forming an ideal helical structure that is oriented ortho-
gonally to the observation direction, resulting in pronounced CPL
emission. This change in the molecular alignment was corrobo-
rated by the POM images acquired under an applied electric field
(Fig. 2 and 5), in which a shift from a fingerprint texture to a more
uniform image was observed.

Finally, chiroptical measurements were performed under
repeated DC electric field cycling (off (0 V)/on (5 V)/off (0 V)) to
evaluate the reversibility and repeatability of the CPL switching
(Fig. 6). Consequently, N*-LC-MBBA/CPDI exhibited reversible
and continuous CPL switching, clearly demonstrating that the
application of a DC electric field enables a continuous and
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Fig. 6 (a) Switching gcp. plots and (b) CPL intensity plots recorded for N*-

LC-MBBA/(R,R)-CPDI (blue) and N*-LC-MBBA/(S,S)-CPDI (green) (553 nm

CPL wavelength) under electric field cycling between 0 and 5 V.
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reversible modulation of the CPL response. Notably, the response
time was <1 s.

In this study, the dynamic and reversible control of CPL was
demonstrated in a chiral N*LC system by manipulating the
orientation of the helical axis under an applied electric field
without disrupting the intrinsic helical structure. By doping an
N-LC exhibiting negative dielectric anisotropy with an emissive
chiral dopant, electric field-induced reorientation of the helical
axis was achieved, ie., from a parallel to a perpendicular align-
ment relative to the substrate surface. Specifically, by combining
the chiral perylene diimide-based emissive material CPDI with
N-LCs possessing negative dielectric anisotropy (MBBA; yielding
N*-LC-MBBA/CPDI) or positive dielectric anisotropy (6CB; yielding
N*LC-6CB/CPDI), completely opposite CPL switching behaviours
were achieved under the application of a DC electric field. This
approach offers a fundamentally different and potentially more
stable method for CPL switching than phase transition-based tech-
niques, thereby enabling efficient optical modulation. The ability to
dynamically tune the CPL properties simply by controlling the helical
axis orientation constitutes a significant step toward the use of such
materials in advanced photonic applications.
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