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Two pairs of chiral perylene-based luminescent materials, namely (R R)/(S,S)-N,N’-bis(1-phenylethyl)-
perylene-3,4,9,10-tetracarboxylic diimide [(R,R)/(S,5)-BPP] and (R,R)/(S,S)-N,N’-bis(1-cyclohexylethyl)-
perylene-3,4,9,10-tetracarboxylic diimide [(R,R)/(S,S)-CPDI], were doped into a nematic liquid crystal
with a low phase transition temperature, 4'-hexyl-4-biphenylcarbonitrile. The resultant luminescent
chiral nematic liquid crystals (N*-LCs) exhibited a circularly polarised luminescence (CPL) stronger than
that of chiral poly(methyl methacrylate)-based luminescent films containing BPP and CPDI. Both N*-LCs
displayed reversible CPL property responses (CPL intensity and CPL sign inversion) upon the application
of a direct-current (DC) electric field (due to a chiral nematic phase — nematic phase transition) and

Received 26th April 2025, heating (due to a chiral nematic phase — isotropic phase transition). Thus, an on—-off-on CPL system

Accepted 3rd June 2025 controlled by DC electric fields and thermal stimuli was constructed based on a transition from a uni-
DOI: 10.1039/d5cp01592h formly aligned helical structure to another orientational arrangement. This work provides an effective

strategy for the development of functional CPL devices based on CPL control via N*-LC exposure to DC
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Introduction

Liquid crystals (LCs) are versatile soft materials widely used in the
fabrication of optoelectronic devices." "' Chiral nematic liquid
crystals (N*-LCs) possess a self-organising helical structure and
are obtained by adding chiral compounds to nematic liquid
crystals (N-LCs). The optical activity of these LC materials is
determined by the chirality of the added chiral compounds, which
induces the formation of either right- or left-handed helical
structures. Therefore, N*-LCs obtained by introducing chiral
luminescent materials exhibit circularly polarised luminescence
(CPL)‘12—16

Considerable attention has been paid to the development of
N*-LCs exhibiting electrically, thermally, and optically control-
lable CPL to leverage their stimulus response characteristics."” "
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Such N*-LCs are particularly useful, as their photoluminescence
(PL) and CPL properties can be adjusted by applying direct-
current (DC) electric fields or heat.?*”>

Previously, we realised aggregation-enhanced CPL by doping
chiral luminescent materials, namely (R R)/(S,S)-N,N-bis(1-
phenylethyl)perylene-3,4,9,10-tetracarboxylic ~diimide [(RR)/
(S,8)-BPP] and (R,R)/(S,S)-N,N’-bis(1-cyclohexylethyl)perylene-
3,4,9,10-tetracarboxylic diimide [(R,R)/(S,S)-CPDI], into organic
polymer films, such as those based on poly(methyl methacry-
late) (PMMA).**** These materials were also doped into achiral
N-LCs based on 4’-pentyl-4-biphenylcarbonitrile (5CB) to obtain
luminescent N*-LCs (N*-LC-5CB/BPP and N*-LC-5CB/CPDI),
which were suitable for further functionalisation and exhibited
reversible CPL intensity tuning in response to DC electric field
modulation.*® However, N*-LC-5CB/CPDI exhibited CPL sign
inversion upon the application of an electric field, whereas no
clear inversion was observed for N*-LC-5CB/BPP.

Therefore, we aimed to achieve a clear CPL sign inversion
through on-off electric field application in BPP- and CPDI-
doped LCs. Additionally, we sought to expand the external
stimulus responsiveness of CPL-LCs using heat as the external
stimulus and thus develop a reversible CPL switching system.
To accomplish these objectives, we used an achiral N-LC based
on 4'-hexyl-4-biphenylcarbonitrile (6CB), which has a lower
phase transition temperature and longer alkyl chain than the
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Fig. 1 Chiral perylene-diimide-based luminescent materials (BPP and
CPDI) and the nematic-liquid—crystal compound (6CB) used in this study.

5CB-based achiral N-LC. Luminescent N*-LCs, namely N*-LC-
6CB/BPP and N*-LC-6CB/CPDI, were fabricated by doping (R,R)/
(S,8)-BPP and (R,R)/(S,S)-CPDI into the 6CB-based achiral N-LC
(Fig. 1). These materials exhibited reversible CPL switching in
response to both DC electric fields and heating.

Experimental

General methods

6CB was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). The indium tin oxide (ITO) cell and devices for
electric field (KSSZ-10/B107P1NSS05) and temperature (KSSZ-
10/D607P1NSS05) control were purchased from EHC Co., Ltd.
(Tokyo, Japan). 'H nuclear magnetic resonance (NMR) spectra
(JNM-400, JEOL) were recorded at 400 MHz using tetramethyl-
silane as an internal standard (6 = 0 ppm).

PL and CPL spectroscopy of N*-LC-6CB/BPP and N*-LC-6CB/
CPDI

The PL and CPL spectra of LC samples were obtained at 25 and
40 °C using a JASCO CPL-300 spectrofluoropolarimeter (Tokyo,
Japan) at a scattering angle of 0°. The samples were excited with
unpolarised monochromatic light. For LC analysis, the excitation
and emission bandwidths were set to 10 nm. The scan speed and
PMT time constant were set to 50 nm min~ ' and 8 s, respectively,
for voltage application and 200 nm min~" and 2 s, respectively,
for heating. The LC excitation wavelength was 480 nm. The
electric field was applied using an ADCMT 6241A DC voltage

13520 | Phys. Chem. Chem. Phys., 2025, 27, 13519-13526

View Article Online

PCCP

current source/monitor. Temperature was controlled using a
UNISOKU CoolSpeK CD USP-203CD-B instrument.

Characterisation of LC textures

The optical textures of the LC phases were observed using an
Olympus BX53 microscope (Japan) equipped with a high-tech
hot stage. The LC materials were inserted into the ITO cell, and
the filled cell was observed by polarised optical microscopy
(POM) under an applied electric field.

Results and discussion

The chiral luminescent molecules, namely (R,R)-BPP, (S,S)-BPP,
(R,R)-CPDI, and (S,S)-CPDI, were synthesised as described
previously®” and used to fabricate LC devices on conductive
ITO glass. (R,R)/(S,S)-BPP and (R,R)/(S,S)-CPDI were doped into
N-LC (6CB) at a concentration of 1.0 x 10~> M to afford N*-LC-
6CB/(R,R)/(S,S)-BPP and N*-LC-6CB/(R,R)/(S,S)-CPDI, respec-
tively, which were then placed into conductive ITO glass cells.
The POM images of N*-LC-6CB/(S,S)-BPP (Fig. 2(a)) and N*-
LC-6CB/(S,S)-CPDI (Fig. 2(b)) acquired at 25 °C revealed a
fingerprint texture characteristic of the chiral nematic phase
(N*), suggesting that (S,S)-BPP and (S,S)-CPDI induced chirality in
6CB. The POM texture of N*-LC-6CB/(S,S)-CPDI displayed a nar-
rower fingerprint pattern than that of N*-LC-6CB/(S,S)-BPP, indi-
cating that (S, S)-CPDI exhibited a stronger chirality and induced a
more pronounced helical organisation in the nematic LC.
Therefore, we examined the chiroptical properties of N*-LC-
6CB/(R,R)/(S,S)-BPP (Fig. 3(a)) and N*-LC-6CB/(R,R)/(S,S)-CPDI
(Fig. 4(a)). N*-LC-6CB/BPP and N*-LC-6CB/CPDI exhibited high-
intensity CPL and PL. In contrast to that observed for PMMA
films,*** the CPL of N*-LC-6CB/BPP and N*-LC-6CB/CPDI
in the LC state originated from monomer emission and was
characterised by several transition bands (0 — 0, 0 — 1, and
0 — 2) of the perylene unit. The CPL spectra of the (R,R) and
(S,8) LC forms were nearly mirror images of each other.

(b)

Fig. 2 Polarised optical microscopy (POM) images of (a) N*-LC-6CB/
(5,5)-BPP and (b) N*-LC-6CB/(S,S)-CPDI.
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Fig. 3 Circularly polarised luminescence (CPL) (upper chart) and photo-
luminescence (PL) spectra (lower chart) of N*-LC-6CB/(R,R)-BPP (blue)
and N*-LC-6CB/(S,S)-BPP (green) and luminescent images of N*-LC-
6CB/(S.S)-BPP (right-hand images) acquired (a) before voltage application
at (0 V) (b) at 30 V, and (c) after voltage application at 0 V. The CPL and PL
spectra were acquired at an excitation wavelength of 480 nm, while the
luminescent images were acquired at an excitation wavelength of 365 nm.

The CPL emission wavelengths (Acp) were approximately
550 and 584 nm for N*-LC-6CB/BPP and 544 and 583 nm for
N*-LC-6CB/CPDI. The CPL signals were identical for the chiral
S1 state; strong negative signals were observed for N*-LC-6CB/
(R,R)-BPP and N*-LC-6CB/(R,R)-CPDI, while positive signals
were observed for N*-LC-6CB/(S,S)-BPP and N*-LC-6CB/(S,S)-
CPDI. These signal signs were consistent with those observed
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Fig. 4 CPL (upper chart) and PL spectra (lower chart) of N*-LC-6CB/(R,R)-
CPDI (blue) and N*-LC-6CB/(S,S)-CPDI (green) and luminescent images of
N*-LC-6CB/(S,S)-CPDI (right-hand images) acquired (a) before voltage appli-
cationat 0V, (b) at 30 V, and (c) after voltage application at O V. The CPL and
PL spectra were acquired at an excitation wavelength of 480 nm, while the
luminescent images were acquired at an excitation wavelength of 365 nm.

for N*-LC-5CB/BPP and N*-LC-5CB/CPDI, indicating that N*-
LC-6CB/BPP and N*-LC-6CB/CPDI possessed a left-handed heli-
cal sense in the N* phase. Specifically, (S,S)-BPP and (S,S)-CPDI
induced left-handed helical structures, whereas (R,R)-BPP and
(R,R)-CPDI induced right-handed helical structures in N-LCs
(6CB).>®

The magnitude of circular polarisation in the excited state
is typically defined using the anisotropic dissymmetry factor,
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gepr = A/l = 2(I, — Iy)/(I, + Ir), where I, and I represent the
signal intensities for left- and right-hand circular polarisation
under excitation with unpolarised light, respectively. The |gcpy|
values of N*-LC-6CB/BPP and N*-LC-6CB/CPDI were approxi-
mately 0.19 (550 nm)/0.18 (588 nm) and 0.36 (544 nm)/0.38
(583 nm), respectively. In comparison, the gcp;, values of the
luminescent BPP/PMMA and CPDI/PMMA films were substan-
tially lower, with maximum values equalling 2.4 x 10~* and
7.7 x 1073, respectively.

Thus, the gep values of N*-LC-6CB/BPP and N*-LC-6CB/
CPDI were approximately 100 times higher than those observed
in the PMMA film state and comparable with those in the 5CB
LC state. As the transmission wavelength of the liquid-
crystalline 6CB falls within the visible-light range, selective
reflection can be ignored.?® The chiral BPP and CPDI molecules
were appropriately fixed by the surrounding 6CB LC molecules,
which suppressed the thermal deactivation modes of BPP and
CPDI and resulted in an effective chiral filling arrangement.
The very high gcp;, in the LC state was attributed to this
arrangement, which was similar to that in the 5CB LC state.

The POM images of N*-LC-6CB/BPP and N*-LC-6CB/CPDI
exhibited noticeable changes upon the application of a 30 V DC
electric field, indicating that the field induced structural
changes in the LC state (Fig. 5). Specifically, the original
fingerprint textures changed to a uniformly dark field charac-
teristic of a homeotropic alignment that features rod-like LC
molecules oriented perpendicularly to the substrate and results
in a minimal birefringence. This alignment is driven by the
positive dielectric anisotropy of the LC molecules (6CB), which
causes them to align along the direction of the applied electric
field. The disappearance of birefringence confirmed that the
electric field effectively reoriented the LC molecules into a
vertically aligned configuration without the helical structure.

Next, we examined the effect of the applied electric field on
the CPL and PL spectra of N*-LC-6CB/BPP and N*-LC-6CB/

(a)

(b)

®

Fig. 5 POM images of (a) N*-LC-6CB/(S,S)-BPP and (b) N*-LC-6CB/(S,S)-
CPDI acquired upon the application of a direct-current voltage (30 V).
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CPDI. The CPL intensity of both systems decreased consider-
ably (Fig. 3(b) and 4(b), respectively), although the CPL spectra
of the (R,R) and (S,S) forms remained nearly mirror images of
each other. The |gcpy| of N*-LC-6CB/BPP at 30 V (5.9 x 10> at
Acpr, = 585 nm) was notably lower than that at 0 V. Similarly, the
|gcpL| of N*-LC-6CB/CPDI at 30 V (3.6 x 102 at Jcpy, = 582 nm)
was notably lower than that at 0 V. The CPL sign inversion and
red shift observed at 30 V suggested minimal excimer-like CPL
emission, although the resolution was reduced because of the
decrease in the CPL intensity.>* %38

When the applied field was returned to 0 V, the CPL
intensity and |gcpy| of N*-LC-6CB/BPP (Fig. 3(c)) and N*-LC-
6CB/CPDI (Fig. 4(c)) returned to their initial values [approxi-
mately 0.20 (550 nm) and 0.19 (584 nm) for N*-LC-6CB/BPP and
0.40 (547 nm) and 0.42 (583 nm) for N*-LC-6CB/CPDI]. This
indicated that CPL from N*-LC-6CB could be switched on and
off by the application of a DC electric field, which enabled
control over the CPL sign inversion.

This CPL switching was rationalised as follows. In N*-LC-
6CB, the BPP and CPDI molecules were properly aligned along
the rod-like 6CB LC molecules, and the planes of the perylene
diimide backbones of BPP and CPDI were therefore nearly
parallel albeit twisted relative to each other, similar to the
helical structure of N*-LC-6CB. As a result, both BPP and CPDI
exhibited a strong CPL emission. Conversely, the DC electric
field applied to BPP and CPDI induced a high dielectric
anisotropy in the LC 6CB molecules, causing them to align
perpendicularly to the ITO cell surface. This alignment led to a
nematic organisation without a helical structure, resulting in a
homeotropic alignment.

The molecular orientation was further corroborated by the
POM images captured during the electric field application.
Therefore, as the orientation of the LC 6CB molecules changed,
BPP and CPDI also aligned perpendicularly to the ITO cell
surface, which resulted in a marked CPL intensity weakening
and CPL sign inversion.

Subsequently, we conducted CPL measurements under con-
tinuous voltage off-on cycling to investigate the reversibility and
durability of the CPL switching behaviour. Both N*-LC-6CB/BPP
and N*-LC-6CB/CPDI exhibited reversible and continuous CPL
switching (Fig. 6), ie. their CPL intensity could be regulated
continuously and reversibly through the application of a DC
electric field.

Subsequently, N*-LC-6CB/BPP and N*-LC-6CB/CPDI were
heated to 40 °C to control the CPL characteristics. The heating
of N*-LC-6CB/(R,R)-BPP and N*-LC-6CB/(R,R)-CPDI affected
their POM images (Fig. 7), which indicated a structural change
in the LCs. Upon heating to 40 °C, the N*-LCs transitioned into
an isotropic state with random molecular orientations. As a
result, a uniformly dark field characteristic of isotropic liquids
lacking birefringence was observed under crossed polarisers.

Next, N*-LC-6CB/BPP and N*-LC-6CB/CPDI were heated to
40 °C, and their CPL and PL spectra were measured. The CPL
intensities of N*-LC-6CB/BPP (Fig. 8(b)) and N*-LC-6CB/CPDI
(Fig. 9(b)) decreased markedly upon heating. Under a 30 V DC
electric field, clear CPL spectra and sign inversion were

This journal is © the Owner Societies 2025
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Fig. 6 Evolution of the gcp. of (@) N*-LC-6CB/(R,R)-BPP (blue) and N*-
LC-6CB/(S,5)-BPP (green) and (b) N*-LC-6CB/(R,R)-CPDI (blue) and N*-
LC-6CB/(S,5)-CPDI (green) upon switching between 0 and 30 V. An
excitation wavelength of 480 nm was used for CPL and PL.

observed; however, at 40 °C, CPL almost disappeared for both
N*-LC-6CB/BPP and N*-LC-6CB/CPDI. Finally, when the tem-
perature was decreased to 25 °C, the CPL intensity and |gcpy| of

()

(®)

Fig. 7 POM images of (a) N*-LC-6CB/(S,S)-BPP and (b) N*-LC-6CB/(S,S)-
CPDI upon heating to 40 °C.
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Fig. 8 CPL (upper chart) and PL spectra (lower chart) of the nematic liquid
crystal states of N*-LC-6CB/(R,R)-BPP (blue) and N*-LC-6CB/(S,S)-BPP (green)
and luminescent images of N*-LC-6CB/(S,S)-BPP (right-hand images) acquired
at (a) 25 °C before heating, (b) 40 °C, and (c) 25 °C after heating. The CPL and PL
spectra were acquired at an excitation wavelength of 480 nm, while the
luminescent images were acquired at an excitation wavelength of 365 nm.

N*-LC-6CB/BPP (Fig. 8(c)) and N*-LC-6CB/CPDI (Fig. 9(c))
returned to their initial values (see original spectra in Fig.
8(a) and 9(a), respectively): 0.21 (547 nm) and 0.15 (580 nm)
for N*-LC-6CB/BPP and 0.41 (546 nm) and 0.42 (580 nm) for N*-
LC-6CB/CPDL. This indicated that the CPL from N*-LC could be
turned on and off through temperature adjustments.

The CPL switching due to heating was rationalised as
follows. At 25 °C, in the N*-LC-6CB structure, the BPP and

Phys. Chem. Chem. Phys., 2025, 27,13519-13526 | 13523
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Fig. 9 CPL (upper chart) and PL spectra (lower chart) of the nematic liquid
crystal states of N*-LC-6CB/(RR)-CPDI (blue) and N*-LC-6CB/(S,S)-CPDI
(green) and luminescent images of N*-LC-6CB/(S,S)-CPDI (right-hand images)
acquired at (a) 25 °C before heating, (b) 40 °C, and (c) 25 °C after heating. The
CPL and PL spectra were acquired at an excitation wavelength of 480 nm, while
the luminescent images were acquired at an excitation wavelength of 365 nm.

CPDI molecules were twisted relative to each other, similar to
the periodic helical structure of N*-LC. However, heating to
40 °C caused a transition from N*-LC to the liquid phase,
increasing the number of the degrees of freedom of the BPP,
CPDI, and LC 6CB molecules, which led to reduced molecular
orientation and CPL disappearance.

CPL measurements were subsequently performed under
thermal cycling conditions (25 °C < 40 °C) to assess the
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Fig. 10 Evolution of the gcp. of (a) N*-LC-6CB/(R,R)-BPP (blue) and
N*-LC-6CB/(S,5)-BPP (green) and (b) N*-LC-6CB/(R,R)-CPDI (blue) and
N*-LC-6CB/(S,5)-CPDI (green) upon switching between 25 and 40 °C.
An excitation wavelength of 480 nm was used for CPL and PL.

temperature responsiveness of the CPL switching properties.
N*-LC-6CB/BPP and N*-LC-6CB/CPDI maintained reversible
and continuous CPL switching performances (Fig. 10), i.e. their
CPL intensities could be precisely modulated in a continuous
and reversible manner via temperature variation.

Conclusions

Chiral perylene-diimide-based luminescent materials (BPP and
CPDI) were mixed with 6CB (N-LC) to prepare N*-LC lumines-
cent materials (N*-LC-6CB/BPP and N*-LC-6CB/CPDI), which
exhibited strong CPL emission and anisotropic dissymmetry
factors of 0.20 and 0.42, respectively. Reversible CPL switching
(CPL intensity and CPL sign inversion) was achieved by adjust-
ing the applied DC electric field, which was attributed to a field-
induced structural change from N*-LC to N-LC. In addition,
reversible CPL switching was also achieved by applying heat,
which was ascribed to a heat-induced structural change from
N*LC to the liquid phase. This study demonstrates that
versatile and scalable planar perylene emitters enable CPL
switching at different wavelengths with high anisotropic dis-
symmetry factors. The fabrication of electrically switchable
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N*-LC devices will significantly contribute to the advancement
of functional CPL materials.
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