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Abstract

Vividly colored cholesteric liquid crystal polymer network (CLCN) patterns based on epoxy resin are
used in decorative and anti-counterfeiting applications. These films are typically prepared via
cationic photopolymerization and post-polymerization to achieve a high cross-linking degree. In this
work, the cross-linking degree is controlled by varying the UV irradiation dosage during
photopolymerization. Following this, the reflection band of the CLCN film changes after removing
non-cross-linked compounds with acetone. Leveraging the low cationic polymerization rate and the
chain termination capability of methanol, a structurally colored CLCN film with regionally tailored
cross-linking was fabricated. With the treatment of acetone, a colorful pattern was observed.
Moreover, upon immersion in methanol, the film swells, revealing a colorful pattern. After the
evaporation of methanol, the pattern disappeared. Consequently, this CLCN film holds significant
potential for information encryption applications.

Keywords: cationic photopolymerization; cholesteric liquid crystal polymer network; cross-linking
degree; structural color; epoxy resin

1. Introduction

As one-dimensional photonic crystal materials, cholesteric liquid crystals (CLCs) exhibit
wavelength- and polarization-selective reflection due to their periodically helical superstructure,
resulting in vibrant structural colors [1,2]. A standard preparation method involves doping nematic
liquid crystals with chiral dopants [3-5]. By modulating chiral dopant concentration, the helical pitch
can be tuned to precisely control the reflection wavelength. To stabilize these structural colors,
reactive monomers are incorporated into the CLC mixture to form cross-linked cholesteric liquid
crystal polymer networks (CLCNs) via photopolymerization [6,7]. This cross-linking process
permanently fixes the helical architecture, thereby preserving its photonic properties. This strategy
provides a robust platform for developing structurally colored coatings and solid-state photonic
devices with long-term stability [8].

To date, polyacrylate-based CLCN films have been extensively studied and applied in fields
such as decoration, anti-counterfeiting, sensors, and displays [9-25]. However, their preparation via
radical polymerization is susceptible to oxygen inhibition, typically requiring fabrication within a
confined cell or under an inert atmosphere. In contrast, epoxy resin-based CLCN films rely on cationic
photopolymerization. This process is unaffected by oxygen interference, enabling efficient film
fabrication directly in air [26,27]. The resulting cross-linked network imparts the films with excellent
thermal stability, mechanical strength, chemical resistance, and high adhesive force on substrates [28—
34]. Recently, structural color CLCN films have been fabricated using reactive epoxy liquid crystal
monomers and chiral dopants. Their inherent patterning capability makes these films particularly
suitable for decoration and anti-counterfeiting applications [34-36].
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With the rapid increase in information technology, the importance of information security has
become increasingly prominent, and numerous advanced strategies have been developed for
information encryption and data protection [37,38]. Among these, a strategy that achieves dynamic
information encryption by constructing regions with varying cross-linking degrees within polymer
films has gradually emerged as a research hotspot. This approach utilizes controlled UV exposure
during photopolymerization to create regions with distinct cross-linking degrees within the film.
These regions exhibit differentiated swelling behavior or optical responses under solvent, heat, or
mechanical stimulation, enabling information concealment under normal conditions and revelation
upon specific stimulation. This cross-linking degree-based encryption mechanism has been
effectively validated in various functional polymer systems, demonstrating its universality and
feasibility [39—41]. CLCN films exhibit unique optical tunability and stimulus-responsive potential
due to their combination of the helical structure of CLCs and the elasticity of polymer networks [8].
Therefore, extending this strategy to CLCN films with superior processability and material stability
holds promise for developing high-performance information encryption platforms.

To achieve the aforementioned cross-linking degree-regulated encryption strategy, precise
control over the polymerization process is crucial. Photopolymerization has become a prevalent
method for fabricating highly cross-linked polymer networks, owing to its room-temperature
processability, low energy consumption, and minimal organic solvent emissions [42-47]. In the
cationic polymerization of epoxy monomers, UV irradiation activates photoinitiators to generate
strong acids, which initiate the ring-opening polymerization mechanism. Notably, the extended
lifetime of cationic active centers allows polymerization to persist even after light exposure
concludes—a phenomenon referred to as the “dark curing” or post-curing stage [48-53]. In
polymerization systems, the presence of water or monohydric alcohols leads to chain transfer
reactions [54]. Alcohols act as nucleophiles, attacking the positively charged end of the growing
polymer chain and form an ether bond. Monohydric alcohols serve as chain transfer agents, reacting
with active centers to terminate polymerization, while dihydric alcohols function as cross-linking
agents, participating in polymer network formation [55-58]. Herein, colorful epoxy resin-based
CLCN films with tunable cross-linking degrees were prepared by precisely controlling the UV dosage
and subsequently terminating the cationic polymerization with methanol. Color patterns were
observed through acetone washing or methanol swelling. These patterned films hold potential for
applications in information encryption.

2. Materials and Methods

2.1. Chemical Reagents and Instruments

The syntheses and characterizations of ECHM, CA-Epoxy and Dye-1 have been reported
previously [34,59,64]. Photoinitiator 1176 and co-photoinitiator ITX were purchased from Shanghai
Aladdin Biochem. Techn. Co., Ltd. (Shanghai, China). Methanol and acetone were purchased from
Chinasun Specialty Products Co., Ltd. (Jiangsu, China). HDO, cyclohexanone and cyclopentanone
were bought from Shanghai Macklin Biochemical Techn. Co., Ltd. (Shanghai, China). The rubbing-
oriented poly(ethylene terephthalate) (PET) films were supplied by Wuxi Wanli Adhesive Material
Co., Ltd. (Wuxi, China). The masks were prepared by printing the pictures on the surface of the PET
films using the printer HP Laser]et P1007 (HP, Palo Alto, CA, USA).

The FT-IR spectra were performed on a Nicolet 6700 spectrometer at 2.0 cm™ resolution by
averaging over 16 scans (NICOLET, Waltham, MA, USA). The polarized optical microscopy (POM)
images were taken using a CPV-900C polarization microscope (Shanghai Optical Instrument Factory,
Shanghai, China) fitted with a Linkam LTS420 hot stage (LINKAM, Tadworth, Surrey, UK).
Thermogravimetric analysis (TGA) of an epoxy resin film was performed using TG/DTA 6300
(HITACHI, Tokyo, Japan). 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
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circular dichroism (CD) spectra were measured using a JASCO 815 spectrometer (JASCO, Tokyo,
Japan). The HPLC-MS characterization was carried out using the UltiMate 3000 Rapid Separation
(RS) HPLC Systems and the micrOTOF-Q III manufactured by Bruker Daltonic Inc. (Billerica, MA,
USA). The UV LED series equipment (UVSE81T) 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°.

2.2. Preparation of the CLCN Films by Changing the CA-Epoxy Concentration

A typical preparation approach for them was shown as follows. An ECHM/CA-
Epoxy/HDO/1176/ITX mixture was prepared at the weight ratio of 80.8/4.2/10.0/3.0/2.0, which was
dissolved in a mixture of cyclohexanone/cyclopentanone (v/v, 1/4) to form a solution with 20 wt% of
solid content. The solution was coated on the surface of a rubbing-oriented PET film using a 40-um
Mayer bar. After the solvents were removed at 120 °C for 3.0 min, polymerization was carried out
under the irradiation of the 365-nm LED lamp (400 mW cm) at 90 °C for 20 s. Finally, a blue CLCN
film was obtained after the film was post-cured at 90 °C for about 12 h. The other CLCN films were
prepared by changing the concentration of CA-Epoxy to 3.8 and 3.0 wt%, respectively.

2.3. Preparation of the CLCN Films by Terminating Cationic Polymerization with Methanol After Different
365-nm LED Lamp Irradiation Times

A typical preparation approach for them was shown as follows. An ECHM/CA-
Epoxy/HDO/1176/ITX mixture was prepared at the weight ratio of 81.2/3.8/10.0/3.0/2.0. The CLC
mixture was coated on the surface of a PET film as above. Then, polymerization was carried out under
the irradiation of the 365-nm LED lamp (200 mW cm™) at 90 °C for 2.0 s. The film was immediately
immersed in methanol for 5.0 min to terminate polymerization. The other CLCN films were prepared
by changing the LED lamp irradiation time and terminating with methanol after irradiation.

2.4. Preparation of the CLCN Film with the QR Code of “Epoxy Resin”

An ECHM/CA-Epoxy/HDO/1176/ITX mixture was prepared at the weight ratio of
82.0/3.0/10.0/3.0/2.0. The CLC mixture was coated on the surface of a PET film as above. Then,
polymerization was carried out under the irradiation of the 365-nm LED lamp (200 mW cm™2) at 90
°C for 8.0 s through the mask with the pattern of a QR code. After removing the photomask, the red
CLCN film was obtained under the irradiation of the 365-nm LED lamp (200 mW cm™) for 2.0 s. The
obtained red CLCN film was immediately immersed in methanol for 5.0 min to terminate
polymerization. Finally, the QR code pattern was revealed by washing the film with acetone.

2.5. Preparation of the CLCN Film with the QR Code of “LC”

An ECHM/CA-Epoxy/HDO/1176/ITX mixture was prepared at the weight ratio of
81.2/3.8/10.0/3.0/2.0. The CLC mixture was coated on the surface of a PET film as above. Then,
polymerization was carried out under the irradiation of the 365-nm LED lamp (200 mW cm=2) at 90
°C for 9.0 s through the mask with the pattern of a QR code. After removing the photomask, the green
CLCN film was obtained under the irradiation of the 365-nm LED lamp (200 mW c¢m™?) for 1.0 s. The
obtained green CLCN film was immediately immersed in methanol for 5.0 min to terminate
polymerization.

2.6. Preparation of the Dye-Doped CLCN Pattern

An ECHM/CA-Epoxy/Dye-1/HDO/1176/ITX mixture was prepared at the weight ratio of
79.2/3.8/2.0/10.0/3.0/2.0. The CLC mixture was coated on the surface of a PET film as above. Then,
polymerization was carried out under the irradiation of the 365-nm LED lamp (200 mW c¢m2) at 90 °C
for 8.0 s through the mask with the pattern of a squirrel and flowers. The patterned areas were
transparent, while the background was light-shielding. After removing the photomask, the green
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CLCN film was obtained under the irradiation of the 365-nm LED lamp (200 mW c¢m™2) for 2.0 s. The
obtained green CLCN film was immediately immersed in methanol for 5.0 min to terminate
polymerization.

3. Results and Discussion

The diepoxy monomer ECHM exhibits nematic liquid crystalline behavior with a phase
transition sequence of Tg 30.0 °C N 160.6 °C1160.5 °C N 27.0 °C Tg (Tg, glass transition temperature;
N, nematic phase; I, isotropic state) (Figure 1a) [34]. The reactive chiral dopant CA-Epoxy induces
right-handed cholesteric organization [59]. Photoinitiation was achieved using 1176 and ITX as
photoinitiator/co-initiator ~ pair. For the ECHM/CA-Epoxy/HDO/1176/ITX (w/w/w/w/w,
81.2/3.8/10.0/3.0/2.0) mixture, an oily streak texture was observed in the polarized optical microscopy
(POM) image, indicating a cholesteric structure (Figure S1). Moreover, the POM characterization also
indicated that the clearing point of this mixture was about 113.0 °C (Figure S2). Three structural
colored CLCN films were prepared by changing the CA-Epoxy concentration on the rubbing-
oriented poly(ethylene terephthalate) (PET) substrate (Figure 1b). The photopolymerization was
carried out under the 365-nm UV-Vis light irradiation for 20 s, and the post-polymerization was
carried out at 90 °C for 12 h. It was found the reflection bands of the CLC mixtures redshifted slightly
after polymerization (Figure 1c). The polymerization of hexane-1,6-diol (HDO) was proposed to
partially destroy the cholesteric structure. Negative circular dichroism (CD) signals confirmed the
retention of right-handed helical structures (Figure 1d) [34]. The thermal gravimetric analysis (TGA)
indicated that the initial decomposition temperature of the green CLCN film was about 279 °C (Figure
S3). The cross-sectional field-emission scanning electron microscopy (FE-SEM) images of the CLCN
films are shown in Figure S4. The helical pitches of the CLCN films prepared using 3.0, 3.8 and 4.2
wt% of CA-Epoxy are about 361, 294 and 257 nm, respectively.
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Figure 1. (a) Chemical structures of the compounds. (b) Photographs of the CLCN films and (c) UV-Vis—-NIR
spectra of the CLC mixtures and CLCN films prepared at different CA-Epoxy concentrations. (d) Transmission
CD spectra of the CLCN films. (e) FT-IR spectra taken during the CLCN film preparation process.

To reveal the polymerization of ECHM monomers, FT-IR spectra were taken during the CLCN
film preparation process (Figure 1e). For the CLC mixture with 3.8 wt% of CA-Epoxy, an absorption
band was identified at 924 cm™, which originated from the epoxy group. After the CLC mixture was
irradiated under the 365-nm UV light (200 mW cm™?) for 2.0 s, the intensity of the absorption band
decreased. After the CLCN film was post-cured at 90 °C for 12 h, the intensity decreased further,
indicating that most of ECHM molecules had been polymerized. To achieve complete conversion of
epoxy groups and construct a highly cross-linked CLCN film, the irradiation time was extended to
20 s under a higher UV irradiation intensity (400 mW cm2). Under these conditions, the intensity of
the absorption band corresponding to the epoxy group decreased significantly immediately after
irradiation. Subsequently, after post-curing at 90 °C for 12 h, this absorption band disappeared,
confirming the complete polymerization of ECHM monomers.

A series of CLCN films were prepared at different 365-nm UV light (200 mW cm™) irradiation
times (Figure 2a). And the CLCN films were washed with acetone immediately after the irradiation.
Due to the low cationic polymerization rate, more unpolymerized compounds were removed with
decreasing the irradiation time from 20 to 2.0 s. Then, the reflection band of the CLCN film shifted
from 525 to 418 nm (Figure 2b). The results shown here indicated that the cross-linking degree could
be controlled by the UV irradiation dosage.
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Figure 2. (a) Pictures and (b) UV-Vis spectra of the CLCN films prepared after acetone washing at different 365-
nm UV light irradiation times; (c) UV-Vis spectra of CLCN films prepared after methanol treatment at different
365-nm UV light irradiation times.

Moreover, a series of CLCN films were prepared by terminating the polymerization using
methanol after different UV light irradiation times. Since the non-cross-linked compounds cannot be
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dissolved in methanol, the reflection bands of these films are almost identical (Figure 2c). To
understand the termination effect of methanol, the CLCN film prepared with the irradiation time of
2.0 s was washed with acetone. The compounds dissolved in acetone were characterized using the
high-performance liquid chromatography-mass spectrometer (HPLC-MS). Epoxy liquid crystal
monomer derivatives bearing hydroxyl or methoxy-substituted cyclohexyl end groups were
identified at 745.2 and 759.2 [M + Na]* (Figure S5 and S6). This indicates that methanol, acting as a
nucleophile, undergoes a chain transfer reaction with the active center at the growing chain terminus,
forming stable terminal structures that effectively terminate cationic polymerization.

Since the polymerization of the diepoxies is sensitive to the 365-nm UV light irradiation dosage,
a CLCN film was prepared by using the CLC mixture with 3.0 wt% of CA-Epoxy shown in Figure 1c
and controlling the irradiation time at different regions (Scheme 1a, Figure 3a and b). The irradiation
of the background and patterned area were 10 and 2.0 s, respectively. The polymerization was
terminated using methanol. Then, a red CLCN film was obtained (Figure 3a). After the non-cross-
linked compounds were removed with acetone, a green pattern with an orange background was
observed (Figure 3b). Scanning the QR code displays “Epoxy Resin”. This approach enabled the
fabrication of CLCN films with programmable cross-linking degrees, leveraging methanol’s dual
functionality as both chain transfer agent and polymerization terminator. The rapid termination
kinetics ensured high-fidelity pattern resolution while maintaining structural integrity of the
cholesteric network.

a LED Lamp LED Lamp
(200 MW cm, 8.0 s) (200 MW cm2, 2.0 s)

Ul L

— | > . D
= 3 T = 2
Immersed in methanol Washed with acetone
for 5.0 min

b LED Lamp LED Lamp
(200 MW cm2, 9.0 s) (200 MW cm2,1.0 s)

W i

C ).
— _
-
Immersed in methanol
for 5.0 min

Scheme 1. Schematic representation of the preparation processes of the CLCN patterns by (a) washing with
acetone and (b) treating with methanol.

Acetone

Figure 3. Photographs of the CLCN film taken (a) before and (b) after washing with acetone. Photographs of the
CLCN film taken in (c) air and (d) methanol (scale bar, 1.0 cm).
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A patterned CLCN film was prepared using the CLC mixture with 3.8 wt% of CA-Epoxy shown
in Figure lc. The irradiation times of the background and patterned area were 10 and 1.0 s,
respectively. The preparation procedure is illustrated in Scheme 1b. Based on the controllable
photopolymerization methodology, we also quenched the cationic active centers using methanol. A
green CLCN film was observed in air (Figure 3c). After the film was immersed in methanol for 90 s,
a red pattern with a green background was observed (Figure 3d). Scanning the QR code displays
“LC”. After methanol was evaporated, only green structural color was observed. Therefore, this
pattern can be applied for encryption. To investigate the cycle life of the CLCN film under cyclic
conditions, a film was prepared using the identical CLC mixture. After irradiation with the 365-nm
UV light for 2.0 s, the cationic polymerization reaction was quenched with methanol. Subsequent
immersion in methanol resulted in a shift of the selective Bragg reflection band from 514 to 568 nm.
Through ten cycles of immersion in methanol and removal, the wavelength of the Bragg reflection
band remained stable in both dry and swollen states (Figure S7).

The luminescence phenomenon in aggregation-induced emission (AIE) materials is typically
attributed to the restriction of intramolecular motions (RIM) [60]. Taking the iconic AIE chromophore
tetraphenylethene (TPE) as an example, in dilute solutions, TPE undergoes dynamic intramolecular
rotation against its double bond, resulting in weak fluorescence or complete quenching [61,62].
Conversely, in the aggregated state, intramolecular rotation of the aryl rotors becomes greatly
restricted, thereby opening up the radiative channel [63]. Here, a TPE derivative, Dye-1, was
employed.[64] Under the excitation of 380-nm UV light, Dye-1 emits green light in the solid state. A
dye-doped colorful film was prepared using the ECHM/CA-Epoxy/Dye-1/HDO/1176/ITX
(w/w/w/w/w/w, 79.2/3.8/2.0/10.0/3.0/2.0) mixture and a photomask, and methanol for the cationic
polymerization termination (Figure 4a). The background and patterned area were irradiated under
the 365-nm UV light (200 mW cm™2) for 2.0 s and 10 s, respectively. Due to RIM of Dye-1, the pattern
was observed under the irradiation of the 365-nm UV light (Figure 4b). The green emission intensity
from the patterned area was higher than that from the background area (Figure 5). Therefore, the
pattern shown here is potentially applied for decoration and anti-counterfeiting.

Figure 4. Photographs of the CLCN pattern taken under (a) natural and (b) 365-nm UV lights (scale bar, 1.0 cm).
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Figure 5. Emission spectra of the dye-doped film from the background and patterned areas (Aex = 380 nm).

4. Conclusions

Structural colored CLCN films were prepared using an epoxy liquid crystal monomer and a
chiral dopant through cationic photopolymerization. Due to the low rate of cationic polymerization,
the cross-linking degree of CLCN films was controlled by changing the UV light irradiation dosage
and using methanol to terminate the polymerization reaction. The reflection band of the CLCN film
can be changed by removing the unpolymerized compounds using acetone or by swelling the film
with methanol. Based on these, structural colored epoxy resin films were prepared using
photomasks. After acetone washing, stable visible patterns were formed, while methanol swelling
enabled dynamic reversible pattern visualization. These patterned films hold potential applications
in information encryption.

Supplementary Materials: The following supporting information can be downloaded at the website. Figure S1:
POM image of the ECHM/CA-Epoxy/HDO/1176/ITX (w/w/w/w/w, 81.2/3.8/10.0/3.0/2.0) mixture taken at 90.0
°C during the cooling process; Figure S2: POM image of the ECHM/CA-Epoxy/HDO/1176/ITX (w/w/w/w/w,
81.2/3.8/10.0/3.0/2.0) mixture taken at 113.0 °C during the heating process; Figure S3: TGA curve of the CLCN
film; Figure S4: Cross-sectional FE-SEM images of the CLCN films prepared at the CA-Epoxy concentrations of
(a) 3.0 wt%, (b) 3.8 wt% and (c) 4.2 wt%; Figure S5: Chemical structures of partial chemicals dissolved in acetone;
Figure S6: HPLC-MS curves and spectra of the chemicals dissolved in acetone; Figure S7: Amax values of the CLCN

film after being immersed in methanol and dried in air for ten times.
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