
Citation: Kondo, M.; Yanai, S.;

Shirata, S.; Kakibe, T.; Nishida, J.-i.;

Kawatsuki, N. Multichromic

Behavior of Liquid Crystalline

Composite Polymeric Films. Crystals

2023, 13, 786. https://doi.org/

10.3390/cryst13050786

Academic Editor: Francesco Simoni

Received: 28 April 2023

Revised: 3 May 2023

Accepted: 4 May 2023

Published: 9 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Multichromic Behavior of Liquid Crystalline Composite
Polymeric Films
Mizuho Kondo 1,* , Satoka Yanai 1, Syouma Shirata 1, Takeshi Kakibe 2, Jun-ichi Nishida 1

and Nobuhiro Kawatsuki 1

1 Department of Applied Chemistry, Graduate School of Engineering, University of Hyogo, 2167 Shosha,
Himeji 671-2280, Japan; et21c002@steng.u-hyogo.ac.jp (S.Y.); r4.sshirata@gmail.com (S.S.);
jnishida@eng.u-hyogo.ac.jp (J.-i.N.); kawatuki@eng.u-hyogo.ac.jp (N.K.)

2 Department of Chemical Engineering, Graduate School of Engineering, University of Hyogo, 2167 Shosha,
Himeji 671-2280, Japan; kakibet@eng.u-hyogo.ac.jp

* Correspondence: mizuho-k@eng.u-hyogo.ac.jp; Tel.: +81-79-267-4014

Abstract: In this study, we describe the synthesis of a cholesterol-linked cyanostilobazole salt dye
and the tuning of its luminescence by physical stimuli such as electricity and grinding. The dyes
exhibited liquid-crystalline properties at temperatures above 170 ◦C. Some of the solutions were
transformed into orange luminescent gels upon the addition of poor solvents. When the solvent
was evaporated, the resulting solid xerogel exhibited mechanochromism, its color changed, and its
luminescent color changed from orange to red. Furthermore, we investigated the construction of
functional gels (mechanochromic gels) that can respond to two stimuli, damage detection by abrasive
responsiveness, and electrical response using ionic liquid complexes of polymers as dispersing media.
This study provides a new strategy for tuning and switching luminescence using non-chemical
stimuli in a single-component system using aggregation.

Keywords: mechanofluorochromic dye; liquid crystal; gel; electrochromism

1. Introduction

Low-molecular-weight gels are materials with a continuous structure of macroscopic
dimensions composed of a low concentration of gelator and solvent, and exhibit rheological
behavior similar to that of solids. Gels formed by low-molecular-weight gelators have
been put to practical use as aggregating agents, taking advantage of their ability to switch
between flowable sol and solid-state gel upon exposure to external stimuli. They are also
expected to be applied in a wide range of fields, such as drug delivery [1], sensors, and
self-healing materials [2], and are being intensively studied. Recently, aggregation-induced
emission (AIE) gelators, in which a luminescent moiety is introduced into low-molecular-
weight gelators and the luminescence behavior changes significantly during the gel-to-sol
and sol-to-gel phase transitions, have attracted attention from both theoretical and prac-
tical perspectives [3,4]. AIE gels have the potential to be excellent stimulus-responsive
luminescent materials because their luminescence behavior changes in tandem with the
aggregation and disassembly of supramolecular networks induced by various external
stimuli. In particular, the mechano-responsive property, in which the luminescence be-
havior is changed by grinding, allows macroscopic mechanical stimuli to affect the optical
properties of molecules and is expected to be applied to displacement and force sensors
with excellent spatial resolution [5,6]. In recent years, many mechanochromic gels utilizing
the intermolecular interactions of chitosan [7] and cholesterol [4], as well as mechanosen-
sitive gels utilizing the cholesteric phase of liquid crystals [8] or the change in selective
reflection of photonic crystals [9], have been reported. Small-molecule gels are generally
produced by introducing long hydrophobic tails, such as cholesterol, alkyl chains, and
alkoxy chains [10]. Many small-molecule organogelators have been investigated, among
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which cholesterol has been extensively studied because of its ability to form stable gels
through the synergistic effect of cooperative noncovalent bonding. However, cholesterol
has a relatively rigid fused ring structure and can be used as a substituent for the develop-
ment of liquid crystallinity. Furthermore, its gelation ability is expected to be enhanced
without impairing liquid crystallinity. In dyes with the introduced liquid crystalline proper-
ties, functional mechanochromic (MC) behaviors can be realized, such as phase-dependent
color control [11], multicolor luminescence [12,13], metastable color stability control [14],
and orientation control [15,16]. Therefore, several research groups have investigated the
combination of liquid crystalline properties and aggregation-induced luminescence. By
introducing trans, a mesogen widely used to produce liquid crystals, more stable and
aggregation-responsive polysynthetic dyes with excellent aggregation properties can be
obtained. In a previous study, we synthesized a compound consisting of cholesterol, a
gel-forming functional group, a cyanostilbene derivative, and a friability-responsive moiety
linked to phenylacetylene. Cyanostilbene has a large dipole moment and twisted geometry
along the central ethylene unit. It also tends to form stacked molecular sheets through
multiple C–H—N and C–H—O hydrogen bonds. As these structures can be modified by
external stimuli, they are frequently used as functional groups to express MC lumines-
cence. Cyanostilbene derivatives also have donor–acceptor structures and tend to form
antiparallel molecular pairs. The formation of molecular pairs leads to the formation of
bifunctional cholesterol at the ends of the complexes, which are expected to form gels when
linked one-dimensionally via intermolecular interactions [4,17]. In addition, we reported
that the spin-coated film formed from the sol state exhibits a friability response, and that,
by utilizing its liquid crystalline nature, it exhibits polarized luminescence when oriented
parallel to the friability direction, enabling the recognition of the friability direction [18].

In the gel state, various functional liquids can be incorporated into the dispersing
medium to form flexible functional composites and combining properties that are difficult
to achieve using a single compound. In this study, we focused on ionic liquids (ILs) as
a dispersing medium for functionalities because IL-composite polymer composite gels
can be used as conductive materials and are expected to be applied for damage detection
in conductive materials by providing a mechanical stimulus response. In addition, if
the composite is electrically responsive (electrochromism (EC)) to ILs, functional gels
(mechanochromic gels) that respond to both electrical and mechanical stimuli can be
constructed. The addition of an EC response simplifies the control of coloration and
responsiveness, enables flexible control of the physical properties, and can be applied to
the detection of breakage and short circuiting of the electrolyte inside a battery. Although
some studies have introduced MC dyes into films of conductors to enable the detection
of external forces [19], no study has directly measured the load on a conductor. This is
because the change in the MC dye manifests itself in crystalline and solid systems, whereas
the electrical response manifests itself in solution systems, making it difficult to achieve
compatibility. In this study, we attempted to achieve stimulus-responsiveness using the
dye itself as a physical gel.

2. Results and Discussion
2.1. General Property of the Luminophore

Figure 1 shows the chemical structures of the luminophores used in this study. The
synthesis and evaluation methods of the compounds are specifically described in the exper-
imental section. The method of evaluation of the mechanoresponse is a method employed
by many research groups. In a previous study, phenylacetylene was introduced at the
end of the conjugated backbone; however, thiophene, which has a higher HOMO and
smaller energy gap, was introduced in this study. Because cyanostyrobazole linked to
thiophene exhibits a friability response even in the protonated state [17], friability is also
expected in quaternized compounds. Therefore, to facilitate the expression of the electrical
response, we changed the molecular end of the salt to a quaternized pyridine to make it a
donor–acceptor salt. The optimized structures were determined using density functional
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theory (DFT) calculations. Owing to limitations of the computational environment, the
thiophene end was assumed to be a methyl group. Frontier orbital plots of the HOMO and
LUMO of the optimized structure are shown in Figure 1b,c, respectively; the LUMO was
mainly distributed in the acceptor of the cyanostilbene unit, while the HOMO was mainly
located in the alkylthiophene unit. The energy levels of HOMO and LUMO are estimated
to be 8.05 and 6.13 eV, respectively, with an energy gap between these levels of 1.92 eV. The
energy-minimized structures exhibited twisted conformations and improved planarity of
the cyanostilobazole moiety compared with the compounds before cholesterol introduc-
tion. These electronic structures were similar to those of the protonated cyanostyrobazole
derivatives; cholesterol was predicted to be present in a bent conformation at right angles
from the conjugated moiety. This is because, in the previous structure, cholesterol was
linked to the quaternized cyanostyrobazole via a bromoacetate ester, whereas in the present
structure, cholesterol was linked as a benzoate ester, and the linearity was reduced [18].

Crystals 2023, 13, x FOR PEER REVIEW 3 of 12 
 

 

expected in quaternized compounds. Therefore, to facilitate the expression of the electrical 
response, we changed the molecular end of the salt to a quaternized pyridine to make it a 
donor–acceptor salt. The optimized structures were determined using density functional 
theory (DFT) calculations. Owing to limitations of the computational environment, the 
thiophene end was assumed to be a methyl group. Frontier orbital plots of the HOMO 
and LUMO of the optimized structure are shown in Figure 1b,c, respectively; the LUMO 
was mainly distributed in the acceptor of the cyanostilbene unit, while the HOMO was 
mainly located in the alkylthiophene unit. The energy levels of HOMO and LUMO are 
estimated to be 8.05 and 6.13 eV, respectively, with an energy gap between these levels of 
1.92 eV. The energy-minimized structures exhibited twisted conformations and improved 
planarity of the cyanostilobazole moiety compared with the compounds before choles-
terol introduction. These electronic structures were similar to those of the protonated cy-
anostyrobazole derivatives; cholesterol was predicted to be present in a bent conformation 
at right angles from the conjugated moiety. This is because, in the previous structure, cho-
lesterol was linked to the quaternized cyanostyrobazole via a bromoacetate ester, whereas 
in the present structure, cholesterol was linked as a benzoate ester, and the linearity was 
reduced [18]. 

These compounds were dissolved in various solvents, and their absorption and emis-
sion spectra were measured. The dyes were dissolved in common solvents, including tol-
uene, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and dichloromethane (DCM), 
which have increasing polarity in the order of toluene < THF < DCM < DMSO. An over-
view of the changes in the absorption spectra of the dyes dissolved in various solvents is 
shown in Figure 2a. The absorption shifted to longer wavelengths in more polar solvents. 
The differences in the luminescence behavior was more pronounced, with a significant 
red-shift in the photoluminescence (PL) spectral peak when dissolved in DMSO or DCM 
(Figure 2b). 

The effect of the solvent polarity on the absorption spectrum was estimated using 
time-dependent TD-DFT calculations, and the results are shown in Figure 3. To simplify 
the calculations, a model compound with a methyl group at the styrobazole end, inde-
pendent of the conjugation, was used. The λabs showed red shifts in the order DMSO < 
DCM < THF < toluene, which is opposite to the experimental results. All of these absorp-
tions are HOMO-LUMO transitions. The reason for this discrepancy may be that the in-
teraction with the solvent is not simple, and the contribution of Br as a counter ion was 
neglected in the calculations. 

 
Figure 1. (a) Chemical structures and (b) HOMO and (c) LUMO of the luminophore used in this 
study. Red and green lobes represent positive and negative coefficients for molecular orbitals, re-
spectively, and the size of each lobe is proportional to the magnitude of these coefficients. 

Figure 1. (a) Chemical structures and (b) HOMO and (c) LUMO of the luminophore used in this study.
Red and green lobes represent positive and negative coefficients for molecular orbitals, respectively,
and the size of each lobe is proportional to the magnitude of these coefficients.

These compounds were dissolved in various solvents, and their absorption and emis-
sion spectra were measured. The dyes were dissolved in common solvents, including
toluene, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and dichloromethane (DCM),
which have increasing polarity in the order of toluene < THF < DCM < DMSO. An overview
of the changes in the absorption spectra of the dyes dissolved in various solvents is shown
in Figure 2a. The absorption shifted to longer wavelengths in more polar solvents. The
differences in the luminescence behavior was more pronounced, with a significant red-shift
in the photoluminescence (PL) spectral peak when dissolved in DMSO or DCM (Figure 2b).

The effect of the solvent polarity on the absorption spectrum was estimated using
time-dependent TD-DFT calculations, and the results are shown in Figure 3. To sim-
plify the calculations, a model compound with a methyl group at the styrobazole end,
independent of the conjugation, was used. The λabs showed red shifts in the order
DMSO < DCM < THF < toluene, which is opposite to the experimental results. All of
these absorptions are HOMO-LUMO transitions. The reason for this discrepancy may be
that the interaction with the solvent is not simple, and the contribution of Br as a counter
ion was neglected in the calculations.
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2.2. Mechanoresponsive Behavior

The mechanical responses of the compound powders were evaluated. Figure 4a,b
show the PL spectra and luminescence photographs before and after grinding, respectively.
Figure 4c shows the change in the luminescence decay profile before and after grinding.
Before grinding, the powder showed orange emission with a maximum emission wave-
length of 637 nm and a fluorescence lifetime of 7.22 ns; after grinding in an agate mortar,
the luminescence changed to red, with a maximum emission wavelength of 654 nm and
a fluorescence lifetime of 7.44 ns, which did not change after additional grinding. The
luminescence quantum yield changed from 1.8% to 1.7%. Unlike the previously gelated ma-
terial, no long-lived luminescent components were detected, indicating excimer formation.
Therefore, it can be inferred that excimer formation is not essential for a series of derivatives
capable of gelation. In addition, the luminescence intensity did not change drastically with
grinding, as in the case of the AIE-mediated dye, suggesting that the luminescence intensity
changed via a mechanism different from that of AIE.

Scanning electron microscopy (SEM) observation of the powder was also performed
on the powders. Fibrous structures were observed on the surface of the powder before
grinding but not after grinding. Figure 5b shows the powder X-ray diffraction (XRD) results
before and after the grinding of the powder. Some peaks were observed in the powder
that disappeared after grinding. Compared to previous compounds, the peaks were broad
and low in intensity. Therefore, the crystallinity was low and the powder was amorphous
after grinding.
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When the ground powder was heated, it formed a birefringent fluid phase and solid-
ified when cooled to room temperature. The maximum emission wavelength remained
unchanged at 637 nm during the series of operations, and the emission color did not change
when the film was ground again. Differential scanning calorimetry (DSC) measurements of
the dye showed that the slope of the thermogram changed at temperatures above 150 ◦C,
suggesting that a change in the solid state was induced (Figure 6). The thermal properties
disappeared in the second scan when the temperature was scanned up to 230 ◦C.
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The fluid phase was presumed to be the liquid crystalline phase; however, unlike in a
previous report, no optical structure derived from the cholesteric phase could be observed.
This may be due to the fact that the cholesteric and rigid luminescent sites are not linearly
connected and the liquid crystallinity is not stable.

While the compound did not gel in a single solvent, it gelled at a concentration of
14.3 g/L in a 6/1 (v/v) mixture of chloroform as a good solvent and hexane as a poor
solvent (Figure 7). The gel showed fluidity when heated to 40 ◦C and reversible gelation
when cooled to 4 ◦C.
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Figure 7. Inversion test of the luminophore dissolved in 6/1 (v/v) mixture of chloroform and hexane.

The material that changed color upon gelation retained its luminescent color even
after the solvent was removed from the xerogel and exhibited a MC response. The changes
in the PL spectra are shown in Figure 8a,b. The XRD patterns showed no diffraction peaks
before and after grinding (Figure 8c). From SEM observations, the surface of the ground
material showed a pattern similar to that of a fibrous structure before grinding but not after
grinding (Figure 8d).
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in (d): 2 µm.

These results suggest that the color change is not due to the crystalline structure but
rather to the one-dimensional structure of the solid and gel interiors and that less rigorous
intermolecular interactions are responsible for the color change.

2.3. Electroresponsive Behavior

Materials that simultaneously exhibit AIE and EC have been reported by Sun et al. [20].
In addition, as mentioned in the introduction, some papers have reported that AIE-
responsive materials connected to cholesterol exhibit MC. Taking these reports into consid-
eration, we can expect to find cholesterol-based MC materials that exhibit EC. However,
since EC is mainly a response in liquids and MC is mainly a response in solids, there
have been no reports of systems in which EC and MC can be simultaneously expressed.
On the other hand, there have been several reports of materials that exhibit EC in a gel
composite [21–23], and therefore, it is expected that EC and MC can be expressed in the
same system by utilizing a material that exhibits MC in a gel state. Accordingly, for the AIE
system for cholesterol, we attempted EC with a material with a lower band gap based on
the previous material.

The electrical response of the luminophore was evaluated by cyclic voltammetry
measurements in DCM in the presence of tetrabutylammonium hexafluorophosphate
(n-Bu4NClO4) (0.1 M) with ferrocene Fc/Fc+ as an internal standard, showing only an
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ambiguous one-electron oxidation at 0.18 V, indicating an irreversible electrical response
(Figure 9). Based on these electrical responses, the HOMO and LUMO levels of the com-
pound were estimated using the following equations:

HOMO = −(Eox + 4.71)

LUMO = −(Ered + 4.71)

where Eox and Ered are the oxidation and reduction voltages, respectively; the HOMO and
LUMO are estimated to be −6.01 and −3.91 eV, respectively, and the band gap between
these levels is 2.10 eV, which is close to the values estimated from the DFT calculations.
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Figure 9. Cyclic voltammograms of the luminophore. Electrolytic medium: 0.1 M NBu4PF6-
dichloromethane.

Compounding the luminophore with ILs was also investigated. The typical IL
1-ethyl-3-methylimidazolium/bis(trifluoromethanesulfonyl)imide (EMI/TFSI) was mixed
with the dye to investigate its solvent-induced gelation ability and MC response of the gel
films. A solution of 11.1 g/L in a 6/1 (v/v) chloroform/hexane mixture showed a sol–gel
transition at 40 ◦C and a reversible sol–gel phase transition upon heating and cooling. The
electrochemical response was evaluated using the experimental set-up shown in Figure 10a.
Figure 10b shows the absorption spectra and color changes when a voltage of −2 V was
applied to the poly (sodium 4-stylene sulfonate) side of the anode. The absorption at 450 nm
decreased, and the color of the entire cell became lighter. The color did not change when the
cathode and anode were switched. Compared to the data reported in a previous paper [18],
the maximum absorption wavelength is shorter than that of non-quaternized oligothio-
phene. Therefore, the luminophores may have been decomposed, as well as cleavage of
the π-conjugated structure by the reduction potential, resulting in an irreversible electrical
response. However, the compound complexed with the ILs showed a low intensity, and no
friability response was observed in the spin-coated thin films.
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To improve the mechanical strength of the composite, a ternary composite of polymer,
IL, and dye was investigated. Shea et al. previously reported that an IL of an imidazole
derivative mixed with polymethylmethacrylate (PMMA) in a 1:1 weight ratio forms a
flexible and conductive gel-like composite that can be used as an electrode [24]. The
1:1 mixture of EMI/TFSI and PMMA and the luminophore showed gelation in a 1/6 (v/v)
chloroform/hexane mixture and reversible sol–gel phase transition upon heating and
cooling at 40 ◦C; both sol–gels showed orange luminescence under UV light irradiation.
The composite solution was cast onto a glass substrate, and its response to grinding was
evaluated. Figure 11a shows the changes in the PL spectrum before and after grinding.
Before grinding, the powder exhibited a PL band at 637 nm, which shifted to 654 nm
after grinding.
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Furthermore, the electrical response was examined using the experimental system shown
in Figure 11b. An irreversible color change was observed in the polymer-incorporated
composite, as well as in the IL composite. Therefore, a system that can respond to both
electric and abrasive stimuli was successfully constructed by combining polymers and ILs.

3. Materials and Methods

The synthesis of the luminophore used in this study is shown in Scheme 1. NMR and
IR spectra for each compound are provided in the Supporting Information.

Crystals 2023, 13, x FOR PEER REVIEW 8 of 12 
 

 

To improve the mechanical strength of the composite, a ternary composite of poly-
mer, IL, and dye was investigated. Shea et al. previously reported that an IL of an imidaz-
ole derivative mixed with polymethylmethacrylate (PMMA) in a 1:1 weight ratio forms a 
flexible and conductive gel-like composite that can be used as an electrode [24]. The 1:1 
mixture of EMI/TFSI and PMMA and the luminophore showed gelation in a 1/6 (v/v) chlo-
roform/hexane mixture and reversible sol–gel phase transition upon heating and cooling 
at 40 °C; both sol–gels showed orange luminescence under UV light irradiation. The com-
posite solution was cast onto a glass substrate, and its response to grinding was evaluated. 
Figure 11a shows the changes in the PL spectrum before and after grinding. Before grind-
ing, the powder exhibited a PL band at 637 nm, which shifted to 654 nm after grinding. 

Furthermore, the electrical response was examined using the experimental system 
shown in Figure 11b. An irreversible color change was observed in the polymer-incorpo-
rated composite, as well as in the IL composite. Therefore, a system that can respond to 
both electric and abrasive stimuli was successfully constructed by combining polymers 
and ILs. 

 
Figure 11. Change in (a) the PL spectrum upon mechanical grinding and (b) the absorption spec-
trum upon applying −3 V for 3 min of the luminophore-EMI/TFSI-polymer composite. The inset in 
(a,b) are photographs of the composite under UV light and ambient light, respectively. 

3. Materials and Methods 
The synthesis of the luminophore used in this study is shown in Scheme 1. NMR and 

IR spectra for each compound are provided in the Supporting Information. 

 
Scheme 1. Synthesis of the luminophore. 

3.1. Synthesis 
3.1.1. Synthesis of 1 

Compound 1 was synthesized according to a previously reported procedure [25]. 
1H NMR (400 MHz, CDCl3), δ (ppm): 0.91 (d, J = 7.5 Hz, 3H), 1.34–1.23 (m, 6H), 1.75–

1.67 (m, 2H), 2.90–2.78 (m, 2H), 6.79 (d, J = 3.7 Hz, 1H), 7.26 (s, 2H), 7.47 (s, 1H), 7.66–7.62 
(m, 2H), 7.68 (s, 1H), 7.75–7.71 (m, 2H), 8.77 (d, J = 15.3, 6.2 Hz, 2H). 

FT-IR (KBr), ν (cm−1): 3063, 2923, 2852, 2227, 1592, 1513, 1468, 1420, and 1002. 

Scheme 1. Synthesis of the luminophore.

3.1. Synthesis
3.1.1. Synthesis of 1

Compound 1 was synthesized according to a previously reported procedure [25].
1H NMR (400 MHz, CDCl3), δ (ppm): 0.91 (d, J = 7.5 Hz, 3H), 1.34–1.23 (m, 6H),

1.75–1.67 (m, 2H), 2.90–2.78 (m, 2H), 6.79 (d, J = 3.7 Hz, 1H), 7.26 (s, 2H), 7.47 (s, 1H),
7.66–7.62 (m, 2H), 7.68 (s, 1H), 7.75–7.71 (m, 2H), 8.77 (d, J = 15.3, 6.2 Hz, 2H).



Crystals 2023, 13, 786 9 of 12

FT-IR (KBr), ν (cm−1): 3063, 2923, 2852, 2227, 1592, 1513, 1468, 1420, and 1002.

3.1.2. Synthesis of 2

Cholesterol (3.82 g, 9.85 mmol) and triethylamine (8 mL) were dissolved in 20 mL
THF in a 200 mL Erlenmeyer flask of Bromoacetyl bromide (2.1 g, 10.8 mmol) dissolved in
10 mL. THF was added dropwise to the reaction solution, and the reaction was stirred at
room temperature for 3 h. After completion of the reaction, the by-products were removed
by suction filtration, washed with THF, and the filtrate was collected. After reducing
the filtrate under reduced pressure, the organic layer was washed with aqueous acetic
acid and extracted with ethyl acetate. After dehydration with sodium sulfate, the filtrate
was reduced under reduced pressure, purified by silica gel column chromatography, and
recrystallized from THF/methanol to afford a yellow solid (1.79 g, M.p. 152 ◦C, 36% yield).

1H NMR (400 MHz, CDCl3): δ (ppm) 8.27 (d, J = 8.2 Hz, 2H), 8.02 (d, J = 8.2 Hz,
2H), 7.75 (d, J = 7.8 Hz, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 11.0 Hz, 3H), 7.47 (d,
J = 7.8 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 7.8 Hz, 2H), 2.67 (q, J = 7.6 Hz, 2H), and
1.15–1.33 (3H).

IR (KBr, cm−1): 2936, 1747, 1464, 1404, 1382, 1366, 1287, 1175, and 1026.

3.1.3. Synthesis of the Luminophore

0.16 g (0.4 mmol) of 1 and 0.31 g (0.06 mmol) of 2 were dissolved in 50 mL acetonitrile
in a 200 mL round flask and stirred in an oil bath at 80 ◦C for 28 h. After the completion
of the reaction, the filtrate was collected by suction filtration and washed with hexane to
obtain a brown solid (0.08 g M.p. 150 ◦C, 21% yield).

1H NMR (400 MHz, CDCl3), δ (ppm): 0.71–1.66 (m, 5H), 1.13–0.85 (m, 41H), 1.29–1.38 (6H),
2.80–2.90 (2H), 3.81 (s, 2H), 6.09 (d, J = 5.5 Hz,1H), 6.79 (d, J = 3.7 Hz, 1H), 7.66 (d, J = 8.2 Hz,
2H), 7.85 (d, J = 8.7 Hz, 2H), 8.04 (s, 1H), 8.59 (d, J = 6.9 Hz, 2H), 9.25 (d, J = 6.9 Hz, 2H).

13C NMR (101 MHz, CDCl3): δ (ppm) 140.8, 121.8, 77.1, 76.8, 71.9, 56.8, 56.2, 50.2, 42.4,
39.8, 39.6, 37.3, 36.6, 36.3, 35.9, 32.0, 31.7, 31.7, 28.3, 28.1, 24.4, 23.9, 22.9, 22.7, 21.2, 18.8,
and 11.9

FT-IR (KBr), ν (cm−1): 3444, 2933, 1748, 1638, 1588, 1466, 1376, 1222, 1194, and 1056.

3.2. Equipment

The synthesized compounds were characterized using Fourier-transform nuclear mag-
netic resonance (FT-NMR; JEOL, Tokyo, Japan; JNM-ECZ 400 MHz) and infrared (FT-IR;
JASCO, Tokyo, Japan; FT-IR 6000) spectroscopies. 1H and 13C NMR spectra were recorded
for CDCl3 at room temperature using tetramethylsilane (TMS; δ 0.00) as an internal stan-
dard. Polarized light microscopy (POM; Olympus, Tokyo, Japan; BH50) and differential
scanning calorimetry (DSC; Hitachi High technologies, Tokyo, Japan; DSC7020) were used
to evaluate the mesomorphic properties. PL spectra were collected using an emission
spectrometer (Ocean Optics, Orlando, FL, US; USB2000+) equipped with a 365 nm UV
LED as the excitation source (Ocean Optics, Orlando, US; LLS-LED). The solid-state quan-
tum yields of the luminescent materials were measured using a fluorescence spectrometer
(JASCO, Tokyo, Japan; FP-6600) equipped with an integrating sphere and excited at 360 nm.
The PL lifetimes of the composite films were measured using a nanosecond spectrofluo-
rometer (Horiba, Kyoto, Japan; FluoroCube) at an excitation wavelength of 370 nm. XRD
measurements were performed using a diffractometer (Rigaku, Tokyo, Japan; SmartLab
3 kW) with a standard collimated beam setup. Microscopic images of xerogels were ob-
tained using SEM (Keyence, Osaka, Japan; V8800). Thin layers for spectroscopy and XRD
were prepared by spin-casting dioxane solutions onto glass substrates. Thin layers of the
luminophores or polymer composites were ground in a pen, and the luminophore powder
was ground in an agate mortar. DFT calculations were performed using Gaussian16 [26]
at the B3LYP/6-31+G(d) level of theory. The absorption spectra were simulated using
TD-DFT at the CAM-B3LYP/6-31+G(d) level of theory. The simulated absorption spectra
were calculated for the first 10 excited states using the optimized ground-state geometry as
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the input geometry [27]. Cyclic voltammetry was performed using a voltammetry electro-
chemical analyzer (BAS, Tokyo, Japan; CV-50W) and a three-electrode cell with a carbon
working electrode, a Pt counter electrode, and a Ag+/Ag reference electrode. An NBu4PF6
solution (0.10 M) in DCM was used as the supporting electrolyte. All the potentials were
calibrated using a ferrocene Fc+/Fc couple as an internal reference. Polymer complexes
were prepared using PMMA (182230-500G, Mw: 120,000 Da, Tg: 90 ◦C) purchased from
Sigma-Aldrich without purification. The ILs and other solvents were purchased from TCI
and used without further purification.

4. Conclusions

A luminescent dye with a quaternized pyridine terminus extended with cholesterol
was synthesized, and its friability and electrical responsivity were evaluated. The dye
exhibited a liquid crystalline phase at temperatures above 230 ◦C, and in the solid state, the
maximum emission wavelength changed from orange emission at 637 nm to red emission at
654 nm. In complexation with EMI/TFSI, the film was gelatinized using chloroform/hexane
as an auxiliary solvent; however, the deposited substrate was mechanically fragile and the
MC response could not be confirmed. The dye was dissolved in a conductive gel composite
of an IL and PMMA, and found that the dye exhibited a reversible sol–gel transition
upon heating and cooling, forming a stable gel at room temperature. When the gel was
deposited on a substrate and subjected to grinding, the emission wavelength changed
from an orange-light emission wavelength of 611 nm to a red-light emission wavelength of
639 nm. Furthermore, when the gel was sandwiched between indium tin oxide electrodes
and a reducing voltage of 3 V was applied, the coloration of the solution faded and, at
the same time, the absorption at ~450 nm decreased, which is thought to be due to the
desorption of cholesterol moieties by reduction.

Because the mechanisms of color change by electricity and luminescence color change
by crushing are considered to be independent, a wider range of color changes can be
expected when force and electricity are applied simultaneously. A material that can re-
spond to electrical and mechanical stimuli can provide an intelligent skin that not only
detects damage and overloads in flexible devices, but also conducts a certain amount of
electricity and alerts the user to overvoltage points, such as those caused by short circuits.
However, electro-responsiveness is irreversible with respect to thermoresponsiveness, and
gels cannot be formed using ILs alone; these are issues that need to be addressed. In
addition, as luminescent materials containing cyanostilbene are expected to change their
liquid crystallinity [28] and emission color via photoreaction [29], the development of dyes
that can respond to more stimuli is expected, and we plan to study these in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13050786/s1, Figure S1: 1H NMR Spectrum of the 1; Figure S2:
IR spectrum of 1; Figure S3: 1H NMR Spectrum of the 2; Figure S4: IR spectrum of 2; Figure S5: 1H
NMR Spectrum of the luminophore; Figure S6: IR spectrum of the luminophore; Figure S7: 13C NMR
Spectrum of the luminophore;.
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