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Abstract: A thermochromic cholesteric liquid crystal (CLC) mixture was prepared using epoxies. The
structural color of the CLCN film was tuned by changing the concentration of a chiral dopant and
the polymerization temperature. It was found the yellow CLCN film can be used as a sensor for the
discrimination of methanol and ethanol which was proposed to be driven by the difference between
the solubility parameters. Moreover, a colorful pattern was prepared based on the thermochromic
property of the CLC mixture, which could be applied for decoration and as a sensor for chloroform.

Keywords: epoxy resin; optical sensor; methanol detection; colorful pattern; cholesteric liquid crystal
polymer network

1. Introduction

Sensor technology is a technology that can respond to external stimuli with high sensitivity
using electrochemical, optical and mass analysis methods [1,2]. Optical sensors offer the advantages
of high sensitivity, ease of fabrication and handling, simple quantification and visual recognition by
the naked eye. For these reasons, the optical sensors have become an attractive class of sensors [3].
Optical sensors can be developed by mimicking the Bragg reflection properties of ordered periodic
structures those can reflect visible light in nature [4-6]. Since the photonic crystals can reflect light
with the specific wavelengths in the visible range, the optical sensors prepared using photonic
crystals can detect analytes by color change without a power source [7-9].

Among the photonic crystals, the cholesteric liquid crystal (CLC) with a helical supramolecular
structure attracts much attention [10-13]. Since the selective Bragg reflection band wavelength of CLC
is sensitive to various external stimuli, the reflective wavelength can be adjusted [14-22]. The CLC
polymer network (CLCN) sensor is displayed as a solid film, the simple structure and high
thermostability have attracted the attention of many researchers [23-33]. Therefore, CLCN film is an
excellent choice for the preparation of optical sensors. These sensors can be used to detect pH [23—
25], humidity [26,27], metal ions [28-30] and gasses [31-33]. The chemicals penetrate into the CLCN
framework, resulting in a change of the helical pitch [19].

Methanol can cause serious damage to the human body, and the high degree of similarity
between methanol and ethanol makes the identification of them challenging [34]. Various methods
to distinguish between methanol and ethanol have been reported, such as gas chromatography-mass
spectrometry [35], Raman spectroscopy [36], optical fiber sensing [37-39], electrochemical methods
[40] and multifunctional nanomaterials [41]. For the discrimination of methanol and ethanol, a
hydrogen bridged CLCN film with porosity was prepared [15,17,34]. The sensing capability is
enhanced by the porosity. Since the CLCN film should be treated with alkali to activate the hydrogen
bonds, it is not suitable for large-area preparation. Most of the previously reported CLCN sensors
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were prepared based on polyacrylates. The free radical polymerization of acrylate monomers suffers
from oxygen inhibition [42—44]. Therefore, the polyacrylate-based CLCN films are generally prepared
in a nitrogen atmosphere [19,44]. However, the cationic polymerization of the epoxy monomers does
not suffer from oxygen inhibition [45—47]. Therefore, epoxy resin-based CLCN films are attractive for
potential applications. Herein, an epoxy resin-based CLCN film was prepared. The structural color
of the CLCN film was tuned by changing the concentration of a chiral dopant and the polymerization
temperature. The yellow CLCN film can act as a sensor for the discrimination of methanol and
ethanol. Moreover, a colorful pattern was prepared based on the thermochromic property of the CLC
mixture, which could be applied for decoration and as a sensor for chloroform.

2. Materials and Methods

2.1. Chemical Reagents and Instruments

E11M and CA-Epoxy were synthesized according to the literatures [47,48]. Tetrahydrofuran
(THF) was obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. Photoinitiators 1176 and
ITX, and Syna-Epoxy 06E were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
All other reagents were purchased from Sinopharm Group Chemical Reagent Co., Ltd. and used as
received without further purification. The rubbing-oriented poly(ethylene terephthalate) (PET) film
was given by Nanya plastics Co., Ltd. The photomasks for the patterns were obtained by printing the
picture on the surface of a PET film using the printer HP LaserJet P1007.

The polarized optical microscopy (POM) image of the CLC mixture was taken using a CPV-900C
polarization microscope fitted with a Linkam LTS420 hot stage (Linkam Scientific Instruments, UK).
Differential scanning calorimetry (DSC) measurements were conducted on a TA-Q200 (TA
Instruments, New Castle, DE, USA) under nitrogen at 10.0 °C min. The field-emission scanning
electron microscopy (FE-SEM) images were taken using a Hitachi Regulus-8230 (HITACHI, Tokyo,
Japan) operating at 5.0 kV. The UV-Vis-NIR spectra were obtained with a UV-Vis spectrophotometer
(UV1900i, SHIMADZU, Kyoto, Japan). The circular dichroism (CD) spectra were measured using a
JASCO 815 spectrometer (JASCO, Tokyo, Japan). The UV LED series equipment (UVSF81T) was
produced by FUTANSI Electronic Technology Co., Ltd (Shanghai, China). The UV LED parallel light
source is equipped with double aspherical quartz lenses to produce parallel light with a parallel half
angle of less than 2°. Thermogravimetric analysis (TGA) of an epoxy resin film was performed using
TG/DTA 6300 (HITACHI, Tokyo, Japan) under nitrogen at 10.0 C min'. The A4UV printer was
purchased from Shenzhen Songpu Industrial Group Co., Ltd (Shenzhen, China).

2.2. Preparation of the Structurally Colored CLCN Films

A typical preparation procedure is shown as follows. A mixture of E11M/CA-Epoxy/Syna-Epoxy
06E/ITX/1176 was prepared at the weight ratio of 80.4/4.6/10.0/2.0/3.0, which was dissolved in a
cyclopentanone/cyclohexanone (v/v, 4:1) mixture at a solid content of 20 wt%. The solution was
coated on the surface of a PET film using a 20-pum Mayer bar. After removing the solvents, the CLC
mixture was photopolymerized at 90 °C under the irradiation of the 365-nm LED lamp (400 mW cm-
2) for 5.0 s and then held at 90 °C for 12 h, subsequently. Finally, a CLCN film was obtained. The other
CLCN films were prepared by changing the weight ratios of CA-Epoxy and temperatures.

2.3. Preparation of the CLCN Patterns at Different Temperatures

A typical preparation procedure is shown as follows. A mixture of E11M/CA-Epoxy/Syna-Epoxy
06E/ITX/1176 was prepared at the weight ratio of 80.4/4.6/10.0/2.0/3.0. The CLC mixture was coated
on the surface of a PET film as above. Then, photopolymerization was carried out at 95 °C under the
irradiation of the 365-nm LED lamp (400 mW cm?) for 5.0 s through a photomask with an octopus or
a beetle image. After removing the photomask, the film was cooled down to 60 °C. Finally, the
colorful pattern was obtained under the irradiation of the 365-nm LED lamp (400 mW c¢m?) for 5.0 s
and then held at 90 °C for 12 h. Another CLCN film with an octopus pattern was prepared at
E11M/CA-Epoxy/Syna-Epoxy 06E/ITX/1176 weight ratio of 79.0/6.0/10.0/2.0/3.0.
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2.4. Preparation of the Lizard Pattern Using the Inkjet Printer

Four color CLC inks were prepared at the E11M/CA-Epoxy/Syna-Epoxy 06E/ITX/1176 weight
ratios of 81.2/3.8/10.0/2.0/3.0, 80.8/4.2/10.0/2.0/3.0, 80.4/4.6/10.0/2.0/3.0 and 79.6/5.4/10.0/2.0/3.0,
respectively, which were dissolved in the cyclohexanone/N,N-dimethylacetamide (DMAC) (v/v, 4/6)
mixture to form transparent solutions with a solid content of 20 wt%. After the lizard pattern was
printed, the solvents were removed at 90 °C. Then, photopolymerization was carried out at 90 °C
under the irradiation of the 365-nm LED lamp (400 mW cm?) for 5.0 s and then held at 90 °C for 12
h.

3. Results and Discussion

The molecular structures of E11M and CA-Epoxy are shown in (Figure 1). E11M shows an
enantiotropic nematic phase with the phase transition sequence of Cr1 67.5 °C Cr2 75.3 °C N 147.9 °C
1146.0 °C N 49.2 °C Recr (Cr, crystal; N, nematic phase; I, isotropic phase; Recr, recrystal) [47]. CA-
Epoxy is a chiral dopant, which has been applied for the preparation of CLC mixtures [48]. The
melting point is 134.8 °C (Figure S1). 1176 acts as the cationic photoinitiator, and ITX acts as the co-
photoinitiator. Radical initiators are generally used as the co-initiators to accelerate the
polymerization rate of epoxyethane [49]. ITX molecules can be used to form radicals under UV
irradiation, and then the radicals can be oxidized by 1176 to form carbon cations [47]. Then, the carbon
cations trigger the polymerization of the epoxy group. The addition of Syna-Epoxy O6E can increase
the rate of polymerization of epoxy resins without phase separation [50]. For the E11M/CA-
Epoxy/Syna-Epoxy 06E/ITX/1176 mixture prepared at the weight ratio of 80.4/4.6/10.0/2.0/3.0, a
Grandjean texture was identified in the POM image taken at 90 °C during the cooling process,
indicating a cholesteric structure (Figure S2).
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Figure 1. Molecular structures of the compounds.

Since the alignment of the LC molecules plays an important role in eliminating the defects of
cholesteric phase, herein, the rubbing-oriented PET film was used as the substrate. Due to the chain
transfer reaction between water and epoxy, the cross-linking density will be decreased with the
existence of water. Herein, the cationic polymerization was carried out subsequently after removing
the solvents at a hot temperature to avoid of absorbing of water from air [51,52]. Moreover, in order
to ensure the thorough cross-linking of the framework, the thermo-treatment was carried out at 90
°C after photopolymerization. With the increase in the concentration of CA-Epoxy from 3.8 to 5.8
wt% (Table S1), the structural color of the CLCN film changed from red to purple (Figure 2a). The
wavelength at the maximum of reflection band shifted from 645 to 425 nm (Figure 2b). Due to the
specular reflection and light scattering, the baselines of the spectra were about 87 %. The optical
activity of the CLCN films was characterized by taking CD spectra (Figure 2c). Since all of the CD
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signals were negative, the epoxy resin films should form a right-handed supramolecular helical
structure. The microstructure of the CLCN films was studied using FE-SEM. The helical pitch of the
CLCN films prepared at the CA-Epoxy concentration of 3.8 and 5.8 wt% were 392 and 265 nm,
respectively (Figure S3). The TGA curve of the CLCN film prepared using 4.6 wt% of CA-Epoxy
indicated that the starting decomposition temperature of an epoxy resin film was about 348 °C
(Figure S4). Therefore, the CLCN film has a high thermo-stability.
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Figure 2. (a) Photographs, (b) UV-Vis spectra and (c) CD spectra of the CLCN films prepared at different CA-
Epoxy concentrations.

The CLC mixture prepared at the CA-Epoxy concentration of 4.6 wt% showed a thermochromic
property (Figure 3). With increasing the polymerization temperature from 50 to 95 °C, the color of
the film changed from orange to green, and the wavelength at the maximum of reflection band shifted
from 600 to 525 nm (Figure 3). Moreover, the intensity of the reflection band increased gradually.
Therefore, it was possible to prepare colorful patterns based on this thermochromic property [47].
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Figure 3. (a) Photographs and (b) UV-Vis spectra of the CLCN films prepared using a CLC mixture with 4.6 wt%
of CA-Epoxy at different temperatures.

Based on the thermochromic property of the CLC mixture, both a beetle picture and an octopus
one were prepared using different masks (Figure 4). The structural color was controlled by changing
the polymerization temperature. The preparation process of a patterned film is illustrated in Scheme
1. Firstly, the CLC mixture is coated on the surface of a rubbing-oriented PET film. A CLC film with
a green structural color is obtained at 95 °C. Then, photopolyermization is carried out under the
irradiation of a 365-nm LED lamp (400 mW cm?) for 5.0 s through a photomask. After removing the
photomask, the temperature of the film is cooled down to 60 °C. A colorful pattern is appeared. After
photopolymerization, the patterned CLCN film is obtained.

- 400 (MW cm?) - 400 (MW cm2)

coating
——

Scheme 1. Schematic representation of the preparation of patterned film.

Figure 4. Photographs of the patterned CLCN films.

To study the solvatochromic property of the CLCN films, a yellow CLCN film was immersed in
different solvents for 10 min to reach the adsorption-desorption equilibrium, which was prepared
using 4.6 wt% of CA-Epoxy at 60 °C (Figure 5). The selective reflection band of the CLCN film shifted
to the longer wavelength, due to the swelling of the film in the solvents. When the CLCN film was
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immersed in ethanol, although the selective reflection band shifted from 575 to 585 nm, the yellow
color was kept. However, when the CLCN film was immersed in methanol, the elective reflection
band shifted to 600 nm, and the color of the CLCN film changed to orange. This structural color
change could be clearly identified by the naked eye. Due to the different swelling ability of ethanol
and methanol, this CLCN film can be used as a sensor for the discrimination of them. It was reported
that the thermal post-curing played an important role in increasing the cross-linking density of epoxy
resins [53]. For the CLCN film prepared without thermal post-curing, the selective Bragg reflection
band shifted from 570 to 610 nm, after it was immersed in methanol (Figure S5). Therefore, the cross-
linking density played an important role in this swelling. The stability of the thermal post-curing
CLCN film was studied by immersing it into methanol and then removing it for ten times (Figure

56). It was found that the wavelengths of the Bragg reflection band of the dried and swelled CLCN
film were stable.
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Figure 5. (a) Photographs and (b) UV UV-Vis-NIR spectra of the CLCN film in different solvents.

When the CLCN film was immersed in ethyl acetate (EA), acetone or toluene, the color changed
to red. And when the CLCN film was immersed in N,N-dimethyl formamide (DMF), the color
changed to pale red. And when the CLCN film was immersed in tetrahydrofuran (THF) or
chloroform, the film became colorless. The solubility parameters of the solvents should play an
important role in the swelling ability [54]. The Hansen solubility parameters of ethanol, methanol,
EA, acetone, toluene, DMF, THF and chloroform are 26.5, 29.6, 18.1, 20.0, 18.2, 24.8, 19.4 and 19.0
MPa®3, respectively. The backbone and the terminal of the epoxy resin have an ether structure and a
hydroxyl group, respectively. The Hansen solubility parameters of diethylene glycol monoethyl ether
and diethylene glycol are 22.0 and 29.9 MPa®5, respectively. The swelling of the epoxy resin should
be driven by the intermolecular hydrogen bonding and dipole-dipole forces [15].

To further reveal the discrimination of ethanol and methanol, the CLCN film was immersed in
the ethanol/methanol mixtures with different methanol fractions for 10 min (Figure 6). When the
CLCN film was immersed in the methanol/ethanol (v/v, 6/4) mixture, eight minutes was enough to
reach the adsorption-desorption equilibrium (Figure S7). It should be noted here that 5.0 vol% of
methanol was enough for recognization by the naked eyes. With increasing the volume ratio of
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methanol/ethanol, the reflection band of the film gradually red-shifted, and reached a stable state at
60 vol% of methanol. The intermolecular bonding force was proposed to drive this phenomenon. The
solvatochromic property of the CLCN film was also studied in the water/ethanol and water/methanol
mixtures (Figure S8 and S9). The Bragg reflection band shifted to longer wavelength with increasing
the methanol or ethanol concentration, and reached the stable state at about 70 wt% of methanol or
80 wt% of ethanol. The structural color of the CLCN film changed to red, when the methanol
concentration reached 40 wt% (Figure S8a). However, it did not change much with increasing the
ethanol concentration (Figure S9a).
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Figure 6. (a) Photographs, (b) UV-Vis spectra and (c) Amax value of the UV-Vis absorption band of the CLCN
film at different MeOH fractions.

Since chloroform is harmful to human body and the CLCN film shown here is sensitive to
chloroform, a patterned sensor for chloroform was prepared using the E11M/CA-Epoxy/Syna-Epoxy
06E/ITX/1176 mixture prepared at the weight ratio of 79.0/6.0/10.0/2.0/3.0 and the polymerization
temperatures of 60 and 90 °C (Figure 7a). The wavelengths of the reflection bands of the pattern and
background areas were identified at 392 and 461 nm, respectively (Figure 510). After the CLCN was
fumigated using chloroform, the background and the pattern turned to red and green, respectively
(Figure 7b). Since the volatilization rate of chloroform is high at room temperature, the structural
colors recovered within few seconds. Moreover, a lizard pattern was prepared using four CLC inks
on the surface of a PET film through inkjet printing (Figure S11). The structural colors of the pattern
were controlled by changing the chiral dopant concentration. Since the viscosities of the CLC
mixtures were too high to be printed, a cyclohexanone/DMAC (v/v, 4/6) mixture was added into the
CLC mixtures. Therefore, the epoxy resin-based CLCN films with the solvatochromic property can
be applied not only as sensors for chemicals, but also for decorations.
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Figure 7. Photographs of the patterned CLCN film exposed to (a) air and (b) chloroform vapor, respectively.

4. Conclusions

CLCN films with a structural color were prepared using an epoxy liquid crystal and a chiral
additive through photopolymerization. The structural color was controlled by changing the
concentration of the chiral additive and the polymerization temperature. The solvatochromic
property of the CLCN film with a yellow structural color was studied. It was found that this film can
discriminate methanol and ethanol. This phenomenon was proposed to be caused by the difference
between the solubility parameters of methanol and ethanol. Based on the thermochromic property of
the CLC mixture, colorful patterns were prepared, which could be applied for decoration and as
sensors for chemicals.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1 Weight ratios of the compounds in the CLC mixtures; Figure S1: DSC
curves of CA-Epoxy; Figure S2: POM image of the E11M/CA-Epoxy/Syna-Epoxy 06E/ITX/1176 (w/w/w/w/w,
80.4/4.6/10.0/2.0/3.0) mixture taken at 90.0 °C during the cooling process; Figure S3: FE-SEM images of the cross-
sections of the CLCN films prepared with (a) 3.8 wt% and (b) 5.8 wt% of CA-Epoxy; Figure S4: TGA curve of the
epoxy resin prepared at the E11M/CA-Epoxy/Syna-Epoxy 06E/ITX/1176 weight ratio of 80.4/4.6/10.0/2.0/3.0;
Figure S5: UV-Vis spectra of the CLCN film prepared at the E11M/CA-Epoxy/Syna-Epoxy 06E/ITX/1176 weight
ratio of 80.4/4.6/10.0/2.0/3.0 and without thermal post-curing; Figure 56: Amax values of the CLCN film after being
immersed in methanol and dried for ten times; Figure S7: Time-dependent (a) photographs, (b) UV-Vis spectra
and (c) Amax values of the CLCN film immersed in the methanol/ethanol (v/v, 6/4) mixture; Figure S8: (a)
Photographs, (b) UV-Vis spectra and (c) Amax value of the UV-Vis absorption band of the CLCN film at different
MeOH fractions; Figure S9: (a) Photographs, (b) UV-Vis spectra and (c) Amax value of the UV-Vis absorption
band of the CLCN film at different EtOH fractions; Figure 510: UV-Vis spectra of the colorful pattern; Figure
S11: Lizard pattern prepared through inkjet printing.
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