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Mechanochromic photonic materials present promising prospects for enhancing diverse facets
of human life. Cholesteric liquid crystal elastomers (CLCEs) present immediate
mechanochromic properties, allowing their utility in various fields, including camouflages,
textiles, and anticounterfeiting. Nonetheless, it is essential to provide differentiated color
information corresponding to diverse types and degrees of deformation for practical use in real
life. Herein, we investigate the mechanochromic responses of CLCEs using their optical
rotation under compression and uniaxial stretching. The CLCEs exhibit the same reflection
colors indistinguishable for compression and uniaxial stretching due to their contracted pitches.
In contrast, the linearly polarized light passing through deformed CLCEs can be modulated by
optical rotation, resulting in distinct transmission colors that can be discerned through
mechanical deformations. We demonstrate a visual signaling system with color information
derived from optical rotation. By comprehending and manipulating the mechanoresponsive
behavior of CLCEs, we can advance these materials into innovative solutions with enhanced
functionality and performance, thereby broadening their applications for human life

enhancement.

1. Introduction

Color signals are a prevalent mode of communication in nature, utilized by diverse organisms
to convey information and interact with their environment and conspecifics.'-
Mechanochromic materials have the ability to bridge the gap between the artificial and natural
realms by altering their colors in response to mechanical stimuli in a way that mimics living
organisms.> ! In particular, mechanochromic photonic crystals (PCs), visualizing strain as a
structural color change, are recently drawing great attention due to their potential for use in
developing smart materials,['°*? strain sensors,[***% and wearable industries.’>?d The
structural color variation of PCs in response to the mechanical deformation results from the
modulated periodicity of regular nanostructures.?>?4 To realize an immediate response with
respect to deformation, soft material-based PCs in the form of elastomers or gels have been
developed,?>%1 showing fully reversible and dynamic color changes over the entire visible
region.

Among various mechanochromic PC materials, cholesteric liquid crystal elastomers
(CLCEs) emerge as a promising option. CLCEs feature self-assembled helical nanostructures
comprising crosslinked networks with covalently bonded main chains, offering ease of
processability and mechanical sensitivity.[?”-31 The periodic nanostructures of the CLCESs with

a well-defined helical pitch (p) exhibit vivid structural color, which is determined by the central
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wavelength of the photonic bandgap, Ac = (ne + No) p/2, and bandwidth, A1 = (ne — No) p, Where
ne and no are the extraordinary and ordinary refractive indices of liquid crystal (LC)
molecule.®?34 In this respect, innovative works have capitalized on the mechanochromic
response of CLCEs across various domains, such as anticounterfeiting,*-3! camouflages, ?7-*!
textiles,?°371 and soft actuators.[*¥ Most prior studies, however, have demonstrated blue-shifted
reflection colors that provide only one-dimensional information regarding the presence or
absence of mechanical deformation, which is not significantly new from the mechanochromic
demonstration using conventional PC elastomers.[?>383% Relying solely on the reflection colors
for deformation lacks precision in conveying stress-related information and constrains effective
color-based communication. This limitation might stem from the inability to fully harness the
chiroptical properties derived from the helical structure of CLCEs. Given the active and
dynamic nature of the real world, it becomes imperative to provide discernible color
information corresponding to diverse types and degrees of deformation.

Some marine organisms, such as mantis shrimp, possess the ability to perceive visual signals
produced by polarized light and employ them for conspecific communication (Figure 1a).[4041
The patterns expressed through variations in angle or degree of polarization offer several
advantages over other forms of visual information. For instance, color perception under ambient
light can be influenced by environmental conditions, such as atmospheric disturbances or
turbidity, leading to misinterpretation of the intended information by the recipient. Conversely,
polarization information is less susceptible to such environmental perturbations than other
visual dimensions,*%4? thereby establishing its reliability and serving as a catalyst for
innovative approaches to the use of polarization in color-based communication.

This paper presents an innovative integration of CLCEs with optical rotation in transmission
mode, leveraging the inherent chirality of helical structures of CLCEs. We investigate the
mechanochromic responses of CLCEs placed between polarizers under two different
mechanical deformations: compression and uniaxial stretching. These deformations induce
differing optical rotation characteristics due to changes in the helical structures. Specifically,
compressed CLCE (C-CLCE) retains its helical structure, whereas stretched CLCE (S-CLCE)
loses chirality by the uniaxial orientation of the main chains. Drawing on previous research
regarding the manipulation of optical rotation in chiral PCs using cholesteric liquid crystal
(CLC) film,[**4 the linearly polarized light (LPL) passing through the deformed CLCE
experiences varying optical rotation, exhibiting different colors for compression and uniaxial
stretching. As a proof of concept, we develop a visual signaling system, showing different

patterns or colors depending on the types and degrees of deformation. This finding will help
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design new materials with tailored optical properties and mechanical functionalities for

advanced optical applications such as strain sensors or soft robots.

2. Results and Discussion
2.1. Optical Rotation-Based Mechanochromic Response of CLCE
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Figure 1. Optical rotation-based mechanochromic responses of cholesteric liquid crystal
elastomer (CLCE). a) Illlustration of mantis shrimp using polarized lights for conspecific
communication. b) Schematic illustration of the macroscopic deformation of compressed CLCE
(C-CLCE) and uniaxially stretched CLCE (S-CLCE). c) Schematic illustration of experimental
system using a multi-layered CLCE sandwiched between elastic polydimethylsiloxane (PDMS)
films. The backlight source passes through the bottom polarizer, multi-layered CLCE, and top
polarizer in order. The purple arrow represents the polarization axis of incident linearly
polarized light (LPL). d,e) Photographs of (d) C-CLCE and (e) S-CLCE in (i) reflection mode
and (ii) transmission mode, respectively. Photographs in transmission mode are taken with two

polarizers. All scale bars are 3 mm.

For soft elastic mechanical properties and a fast recovery process, a multi-layered CLCE film
is prepared by sealing the freestanding CLCE with flexible polydimethylsiloxane (PDMS).
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Incorporating PDMS as a supporting layer can effectively apply stress to CLCE and protect the
film from damage, enabling a fully reversible mechanochromic response.5*¢! Upon subjecting
the multi-layered CLCE film to compression and uniaxial stretching, distinct structural
differences in the helical arrangement occur for each deformation scenario (Figure 1b). The
strain along the helical axis, &;, during compression is defined as Al;/l;, where I, and Al;
represent the initial and deformed lengths of the film, respectively. During uniaxial stretching,
¢z can be predicted by Hooke’s law of transversely isotropic materials,[Z844]

€ = —Vp&y 1)
where Poisson’s ratio v is the strain along the helical axis to the tensile strain, ex. Both
compression and uniaxial stretching induce deformation along the thickness direction of CLCE
film, resulting in changes in the p and Ac of the CLCE.*"~%°1 However, C-CLCE undergoes
isotropic deformation in the xy plane with only contraction along the z-axis and maintains the
chirality of the nanostructure. On the other hand, S-CLCE experiences simultaneous anisotropic
strain along x-, y-, and z-axes, eventually becoming uniaxially oriented along the stretching
direction.

To investigate the optical rotation-based mechanochromic response of CLCEs, the backlight
source transmits the bottom linear polarizer, multi-layered CLCE film, and the top linear
polarizer in order (Figure 1c). After transmitting through the CLCE, the polarization axis of
incident LPL rotates into a certain angle, £, which corresponds to optical rotation and can be
described by the following equation:

=2

B = "o @

where A, , and d represent the incident wavelength of light, average refractive index in the
CLCE, and film thickness, respectively.®® Deforming CLCE films directly affects parameters
determined by molecular alignment and structure, such as n, p, Ac, and d. The intensity of the
transmitted light through two linear polarizers and multi-layered CLCE film is governed by
S(%) and the angle between two polarizers, 6, according to modified Malus’ law, | = locos?(@ +
S(4)), where lo and | represent the intensities of the incident and transmitted LPL,
respectively.[*35152 Ag a result, optical rotation-based transmission color variation can be
achieved.[*® The mechanochromic responses originating from the deformed structures can only
be distinguished in transmission mode, not reflection mode. In reflection mode (row (i) in
Figure 1d,e), both C-CLCE and S-CLCE show the same color changes from red to blue with
increasing strain (Movies S1 and S2). In contrast, in transmission mode with two linear
polarizers (row (ii) in Figure 1d,e), they exhibit significantly different colors at & = 50° as the

strain increases, which can be explained by the optical rotation of the deformed CLC structures
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(Movies S3 and S4). This color distinction on the deformations implies the feasibility of a visual

signaling system with color information derived from polarized light.

2.2. CLCE Fabrication and Characterization
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Figure 2. Fabrication of CLCE and its morphological, optical, and mechanical characteristics.
a) Schematic illustration of the fabrication process for CLCE film and chemical structures of
the compounds consisting of the CLCE mixture. p is helical pitch of resulting CLCE. b) Cross-
sectional scanning electron microscopic (SEM) image of the CLCE, where p is 426 nm. Scale
bar is 1 um. ¢) Transmittance spectrum of the freestanding CLCE at initial state without applied
strain. The initial central wavelength (/c) of photonic bandgap is 697 nm. d) Stress—strain curve

of the CLCE under the application of uniaxial tensile strain.

Fabrication of the freestanding CLCE film is based on thiol-Michael addition reaction between
acrylate-terminated LC monomer and thiol-terminated LC oligomer (see Figure 2a, Figure S1,
and Methods for details). First, a mixture of CLCE consists of LC monomer, RM82, LC
oligomer, RM82-1,3PDT, and non-reactive LC. The LC oligomer is synthesized by extending
the chains of the LC monomer with a dithiol linker molecule via Michael addition reaction.!
The non-reactive LC containing LC host, 5CB, and chiral dopant, R811, is used as a phase
stabilizer by lowering the viscosity of monomers and oligomers and inducing the chiral nematic
phase, which plays a role as a scaffold for the helical nanostructure. The CLCE mixture is
6
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injected into polyvinyl alcohol (PVA)-coated sandwich cell by capillary force. After the UV-
polymerization by thiol-acrylate click reaction, the non-reactive LC and unreacted residuals are
removed for mechanical stability. The glass transition temperature, Tg, of the CLCE film is
4.0£5.8 °C, confirmed by differential scanning calorimetry (DSC) measurements (Figure S2).
Finally, a freestanding CLCE film is sandwiched between a pair of PDMS substrates, making
a multi-layered CLCE film with remarkable elastic deformation. The cross-sectional scanning
electron microscopic (SEM) image of the resulting CLCE film reveals periodic helical
nanostructures with a p of 426 nm (Figure 2b). The transmittance spectrum presents the
photonic bandgap in the visible region as a spectral dip with Ac of 695 nm and A/ of 70 nm
(Figure 2c). The transmittance of 2 mm-thick PDMS without CLCE averages 98.2+1.0% at
400-750 nm, which is transparent enough to assess the optical properties of the CLCE film
(Figure S3). Young’s modulus (E) of the freestanding CLCE film is 0.12 MPa from the stress—
strain curve under tensile strain, ensuring good elasticity to investigate the mechanochromic
response of CLCE (Figure 2d).

2.3. Optical Characteristics of CLCE under Mechanical Deformation
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Figure 3. Mechanochromic response of C-CLCE film. a) Color palette consisting of optical
rotation-based colors of C-CLCE. The x- and y-axes represent # from —90° to 80° and &,

respectively. Each image size is 0.2 mm x 0.2 mm. b) Transmittance spectra of C-CLCE at
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different &, values. c,d) Optical rotation of C-CLCE at (c) &; = —0.08 and (d) &; = —0.20. ¢)
Polarization states of each Ac of C-CLCE at &; = —0.08 and —0.20.

To compare the optical rotation-based mechanochromic responses with different deformations
that are compression and stretching, the optical characteristics of C-CLCE film are investigated
(Figure 3). The color palette is comprised of polarized optical microscopic (POM) images in
transmission mode, taken while rotating the top polarizer with the C-CLCE placed between two
polarizers (Figure 3a). The x- and y-axes represent € from —90° to 80° and &; from 0 to —0.28,
respectively. The combination of compressive strain and rotating a polarizer allows a wide
range of transmission colors to be obtained with a single CLCE film.[“®! Such a broad color
variation has not previously been presented with typical elastomers based on PCs such as CLC,
block copolymers, and colloidal particles. The transmittance spectra show the photonic bandgap
with a shift in Ac towards shorter wavelengths as ¢, increases while maintaining a constant
transmittance of approximately 50% (Figure 3b and Table S1). In addition, as &, decreases, the
A\ of the photonic bandgap decreases in the short range from 72 nm to 66 nm. The broad
bandgaps in the measured transmittance imply the films have broad pitch distributions rather
than well-defined pitches. It can be attributed to the intrinsic chemical structures of the CLCE
films, which are composed of heterogeneity of materials and may possess porosity resulting
from the non-reactive LC removal process. At &, = —0.08, the optical rotation flips the sign and
diverges at the photonic bandgap with Ac of 628 nm, which is a typical characteristic of chiral
photonic crystals due to the optical resonance effect (Figure 3c).’*%1 Even with &, increasing
to —0.20, the optical rotation shifts toward Ac of 544 nm while maintaining a divergent
configuration, indicating the preserved helical structure of CLCE under compressive stress
(Figure 3d and Figure S4). When the transmittance is measured while rotating the top polarizer
at &; of —0.08 and —0.20, the antisymmetric intensity modulation around A is observed,]
leading to the color variation of the C-CLCE depending on @ (Figure S5). Therefore, both the
polarization states of transmitting Ac at &; of —0.08 and —0.20 exhibit circular polarization by
selective Bragg reflection (Figure 3e).[3256]

Next, we examined the optical characteristics of the S-CLCE film (Figure 4). Similar to the
C-CLCE, the S-CLCE demonstrates diverse colors depending on the combination of tensile
strain and the polarizer rotation (Figure 4a). Notably, as the strain increases, the Ac of the S-
CLCE shifts toward shorter wavelengths, similar to the behavior observed in C-CLCE.
However, the color palette of the S-CLCE markedly differs from that of the C-CLCE. Moreover,

the transmittance spectra of the S-CLCE exhibit distinct trends in transmittance and AA
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compared to the C-CLCE (Figure 4b and Table S2). Initially, the S-CLCE in its unstrained state
shows a photonic bandgap with Ac of 689 nm, A4 of 69 nm, and transmittance of 50% (state I).
As the tensile strain increases, both the transmittance and A4 of the S-CLCE are drastically
decreased and narrowed (state I1). With further increases in tensile strain, the transmittance and
A/ begin to increase and broaden once again (state I11). In addition, the polarization states of
the transmitted light at Ac through the S-CLCE are measured at &; values of 0, —0.20, and —0.28
(Figure 4c—e). At & = 0, the Ac of 690 nm exhibits CPL by Bragg reflection, while other
wavelengths show the rotating LPL resulting from the optical rotation (Figure 4c). As the strain
increases to ¢; = —0.20, deformed CLC structure induces elliptical polarization for the Ac of 543
nm and LPL with minimal rotation for other wavelengths (Figure 4d). At &, = —0.28, the
polarization state of Ac of 484 nm becomes LPL, and other wavelengths also remain as LPL

with minimal rotation, similar to the case of &, = —0.20 (Figure 4e).
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Figure 4. Mechanochromic response of S-CLCE film. a) Color palette consisting of optical

rotation-based colors of S-CLCE. The x- and y-axes represent 6 from —90° to 80° and &,
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respectively. Each image size is 0.1 mm x 0.1 mm. b) Transmittance spectra of S-CLCE at
different &; values. c—e) Polarization states of /¢ at ¢; values of (c) 0, (d) —0.20, and (e) —0.28.
f) Schematic illustration of macroscopic and microscopic deformation of S-CLCE at states | to
I11, marked on (b). The purple arrow represents the polarization axis of incident LPL, and n,
and n, represent the refractive index components parallel or perpendicular to the polarization
axis of incident LPL, respectively. g) Transmittance of S-CLCE according to the rotation of
sample stage. Black, red, and blue lines represent the angle of sample stage rotation of 0°, 45°,
and 90°, respectively, and dashed and solid lines are for CLCE at the initial state and after
uniaxially stretched, respectively. Here, the angle of 0° is when the uniaxial stretching direction

is parallel to the polarization axis of incident LPL.

According to the measured transmittance and polarization states, the microscopic
deformation of the S-CLCE from states I to 11l can be elucidated by considering the incident
LPL and the molecular alignments (Figure 4f). In state I, the unstretched CLCE consists of
periodic chiral structures made of birefringent molecules with ne and no along the helical axis.
This arrangement induces Bragg reflection only for CPL with the same handedness as the chiral
structures.[¥256:57 Therefore, transmitted light through the CLCE shows a transmittance of 50%
(Figure 4b), and the polarization state at Ac is CPL with the opposite handedness to its chiral
structures (Figure 4c). Moreover, the rotated LPL for the wavelengths out of the photonic
bandgap means that the periodic chiral structures of the CLCE cause the optical rotation
following Equation 2. Upon uniaxial stretching in state I1, the thickness of the CLCE is shrunk,
and the helical structures are deformed yet still periodic along the helical axis. Moreover, the
molecules gradually align along the stretching direction, leading to the simultaneous loss of
chirality in the S-CLCE. The incident LPL is still affected by the periodic refractive index
modulation, which is smaller than the birefringence of the case of stage I, ne — no, resulting in
a narrow A/ of the Bragg reflection. In addition, due to the weak chirality of S-CLCE, the film
reflects the incident LPL for the Ac with a transmittance of less than 20% and transmits the light
with minimal optical rotation, which is close to a phenomenon of non-chiral Bragg
reflection.3%3581 Fyrthermore, the incident LPL experiences different refractive index
modulations depending on the angle between the polarization direction and the stretching
direction (Figure 4g): when the stretching direction is parallel (perpendicular) to the
polarization direction of the incident LPL, light is affected by high (low) refractive indices
around ne (no). Therefore, when the angle is 0°, the ¢ has a longer wavelength than the case of

the angle of 90°. Finally, with further strain in state 11l, most main chains of S-CLCE are
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uniaxially oriented, leading to loss of the periodic refractive index modulation. Consequently,
the Bragg resonant reflection becomes weak, which broadens the A4 of the photonic bandgap.
The strong linear birefringence originating from the uniaxial main chains of S-CLCE

contributes to the contrasting color palettes observed between S-CLCE and C-CLCE.

2.4. Structural Analysis of CLCE under Mechanical Deformation
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Figure 5. Structural analysis of freestanding CLCE according to uniaxial stretching and biaxial
stretching. a) Two-dimensional X-ray diffraction images of CLCE being mechanically
deformed by (i) uniaxial stretching and (ii) biaxial stretching at different &; values, respectively.
Here, the uniaxial stretching direction is defined as the azimuthal angle, ¢, of 0°. b) Plot of
orientation parameter, S, of CLCE as a function of ¢; values. ¢,d) Azimuthal intensity profiles
at q = 1.39 A of CLCE upon (c) uniaxial stretching and (d) biaxial stretching depending on &;

values.

Using a freestanding CLCE film without the PDMS layers, we conducted wide-angle X-ray
diffraction (WAXD) experiments in transmission mode with synchrotron radiation to directly
show the structural difference between C-CLCE and S-CLCE (Figure 5). Due to the
experimental constraints inherent in WAXD regarding the application of compression, biaxial

11
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stretching was instead employed to CLCE using a customized tensile stage (Figure S6). The
strain along the thickness direction upon biaxial stretching can be calculated by Equation 3,
where Poisson’s ratio v1 is the strain along one of the principal axes to that along the other axis

in the transverse plane.[36:4546]

V2

& =~ (ex + &) ©)

We confirmed that biaxial stretching shows the same radial strain distribution as compression,

although the strain in the transverse plane for biaxial stretching is slightly greater than that for
compression (Figure S7). Thus, we predicted that the molecular arrangements in CLCE film
under compression based on the findings from the biaxial stretching of CLCE, as compression
data were unattainable through WAXD experiment in transmission mode.

The chain orientations of CLCE upon uniaxial and biaxial stretching are evaluated through
two-dimensional WAXD patterns (row (i) and row (ii) in Figure 5a, respectively). At the initial
state, the diffraction peak at q = 1.39 A shows the isotropic distribution for both uniaxial and
biaxial stretching (Figure 5a and Figure S8). As the &, increases, however, CLCE upon uniaxial
stretching shows a strong anisotropic pattern localized perpendicular to the stretching direction.
In contrast, CLCE under biaxial stretching remains a radial distribution without angle
dependence. The degree of orientation is quantitatively analyzed using the Hermans orientation
parameter, S, calculated from azimuthal intensity profiles (see Figure 5b and Methods for
details). The peak intensities at g = 1.39 A with respective to the azimuthal angle are plotted
for both uniaxial and biaxial stretching (Figure 5c,d, respectively). We obtain S = 0 for biaxial
stretching regardless of strain, representing a low anisotropy along the transverse plane of
CLCE. In contrast, the orientation parameter increases with uniaxial stretching, reaching a value
of 0.43 at &; = —0.41, indicating that the main chains of CLCE are well oriented along the
stretching direction. These findings support our assertion that the helical nanostructures of

CLCE undergo different deformations depending on the nature of the mechanical force.

2.5. Visual Signaling with Color Information Derived from Optical Rotation

12
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Figure 6. Visual signaling that is discernible according to the types and degrees of deformation.
(a) Schematic of the experimental setup with the patterned bottom polarizer. The dashed and
solid arrows indicate the polarization axis of the background and patterns, respectively. Here,
0'is the angle between the polarization axis of the background of the bottom polarizer and that
of the top polarizer. (b, c) Photographs of (b) C-CLCE and (c) S-CLCE at ¢; values of —0.04
and —0.28 using the top polarizer with 0’ set at —50° and 50°. Scale bar is 10 mm. (d) “K”-
patterned bottom polarizer. (e, f) Photographs of () C-CLCE and (f) S-CLCE at ¢, values of
—0.04 and —0.24 using the top polarizer with 0’ set at —30°. (g) Reversibility of /. of S-CLCE
(blue dots) and C-CLCE (green dots) by alternating &, values of 0 and —0.28.

Based on the distinctive optical rotation characteristics associated with mechanical
deformations, we developed a visual signaling system that offers discernible color information
specific to deformation (Figure 6). In order to convey different information for compression
and uniaxial stretching, we employed a patterned bottom polarizer with varied polarization axes
(Figure 6a). The polarization axes of the downward and upward arrow patterns on the bottom
polarizer are deviated from that of the background by +40° and —60°, respectively (Figure S9).
The visual signals can be obtained by placing the multi-layered CLCE between the top polarizer
and patterned bottom polarizer and adjusting &', defined as the angle between the polarization
axis of the top polarizer and that of the background of the bottom polarizer. The color
information at each pattern arises from distinct optical rotations depending on the
predetermined angle of the incident LPL. At a slight deformation of ¢; = —0.04, both downward
and upward arrows are distinguishable for C-CLCE and S-CLCE, exhibiting different colors
depending on 6’ (Figure 6b,c). However, as the strain increases to —0.28, the upward arrow is

more emphasized for C-CLCE against the background, while the downward arrow is more
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clearly visible for S-CLCE (Movies S5 and S6). The color difference between the background
and particular arrow gradually diminishes, ultimately rendering only one arrow clearly visible
at specific 8. When the bottom polarizer is patterned as “K” with its polarization axis deviating
from that of the background by +50°, and the angle 0’ is set at —30°, the resulting pattern gives
asymmetric information for compression and uniaxial stretching (Figure 6d). The “K” pattern
consistently retains distinct visibility for C-CLCE as strain increases from —0.04 to —0.24
(Figure 6e), while its visibility diminishes for S-CLCE (Figure 6f). This distinctive behavior
renders it functional as a strain-induced watermark or camouflage patterns, facilitating the
visualization of the nature of deformations. Notably, despite having the same values of &; and
0', C-CLCE and S-CLCE show entirely dissimilar color information for the same pattern. This
system is fully reversible and provides reliable information even during repetitive operation, as
demonstrated by the recovery of Ac of the CLCE under mechanical deformation during the
cycling test alternating ¢; = 0 and —0.28 (Figure 6g). We emphasize that our visual signaling
system, which has not been reported previously, is capable of providing accurate stress-related
information, enabling effective color-based communication by exploiting the optical rotation

characteristics of deformed CLCE.

3. Conclusion

In this paper, we have explored the mechanochromic responses of CLCE under compression
and uniaxial stretching, highlighting their optical rotation characteristics arising from the
deformed helical structures of CLCEs. Compression results in a well-maintained helical
structure, while stretching leads to anisotropic strain and the loss of chirality. The unique optical
properties of C-CLCE and S-CLCE, attributed to optical rotation, provide precise stress-related
information through colors, which has not been reported in conventional mechanochromic PCs.
By leveraging the distinctive optical properties, we have successfully demonstrated visual
signaling capable of discerning the types and degrees of deformation. This system exhibits
different colors or patterns depending on the mechanical deformation or the angle of the
polarizer. The optical rotation-based mechanochromic responses of CLCE, harnessed in our
visual signaling system, establish a solid foundation for a new avenue in the application of
CLCE. We anticipate that employing sophisticated patterning technology will enable the
realization of visual communication encompassing color information within more intricate and

detailed patterns.

4. Methods
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Materials: 1,3-propanedithiol (>99%, 1,3-PDT), 2,2-dimethoxy-2-phenylacetophenone
(DMPA), 1,8-diazabicyclo[5.4.0]undec-7-ene (98%, DBU), poly(vinyl alcohol) (PVA, My
31,000-50,000, 98-99% hydrolyzed) were purchased from Sigma Aldrich. Butylated
hydroxytoluene (analytical standard, BHT) was purchased from Tokyo Chemical Industry.
Hydrochloric acid (HCI, 36.5% to 38.0%), dichloromethane (DCM), and ethanol were
purchased from Duksan Pure Chemicals. Magnesium sulfate (MgSOa, anhydrous powder) was
purchased from Samchun Chemicals. 1,4-bis-[4-(6-acryloyloxy-hexyloxy)benzoyloxy]-2-
methylbenzene (RM82) and 4-cyano-4-pentylbiphenyl (5CB) were purchased from Henan
Wentao Chemical Product, (R)-2-octyl 4-[4-(hexyloxy)benzoyloxy]benzoate (R811) was
purchased from Nanjing Aocheng Chemical, and polydimethylsiloxane (PDMS) was purchased
from Dowhitech. All materials were used as supplied without further purification.
Preparation of CLCE mixture: LC oligomer, RM82-1,3PDT, was first synthesized via thiol-
acrylate Michael addition between RM82 and 1,3-PDT.% The initial CLCE mixture consisted
of 29 wt% RM82-1,3PDT, 22 wt% RM82, 34 wt% 5CB, 13wt% R811, 2 wt% DMPA as a
photoinitiator, and 0.3 wt% BHT as an inhibitor for thermal polymerization. All chemical
components were dissolved in DCM to mix homogeneously, and then DCM was completely
evaporated under magnetic stirring at 100 °C for a few hours.
Preparation of multi-layered CLCE film: Slide glasses were bar-coated with 1 wt% PVA
aqueous solution, followed by baking at 120 °C for 1 h. The sandwich cell was made of two
PV A-coated glasses, and its gap was controlled using silica particles of ~30 um in diameter.
Then, the CLCE mixture was injected into the sandwich cell by capillary force and polymerized
using 365 nm UV light (Ushio Shenzhen Inc.) with an effective power density of 10 mW cm
for 15 min. The sandwich cell filled with the CLCE mixture was manually disassembled by
dissolving the PVA layer in deionized water, and the freestanding CLCE film was obtained. To
remove the LC solvent composed of 5CB and R811 and any unreacted residuals, the
freestanding CLCE film was immersed in ethanol for 24 h and completely dried at room
temperature. The PDMS mixture (19:1 w/w of base and curing agent) was stirred for 5 min and
cured at 70 °C for 2 h. The dried CLCE film was sealed with a pair of PDMS and then cured at
70 °C for 2 h, forming a multi-layered CLCE film. Each bottom and top PDMS layer have a
thickness of ~1 mm.
Characterization: The phase transition temperature of the CLCE film was measured by DSC
measurement (Diamond, PerkinElmer) operated from —50 to 220 °C at a heating/cooling rate
of 10 °C min* under N, atmosphere. Optical textures of CLCES were obtained using an upright

polarized optical microscope (Nikon Eclipse LVV100 POL) equipped with DS-Ril multicolor
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camera (Nikon Instruments) in transmission mode. Photographs and videos were taken with a
smartphone (Galaxy Z Flip 3, Samsung Electronics). The p of freestanding CLCE film was
confirmed by cross-sectional SEM (MIRA3, TESCAN) at 3 kV and 310 pA. The mechanical
properties of freestanding CLCE film were tested using universal testing machine (H1KT
machine, Tinius Olsen). Transmittance and optical rotation were measured using a UV-vis-NIR
spectrometer (USB2000+, Ocean Optics). Compression and uniaxial stretching were applied to
the multi-layered CLCE film using customized transparent acrylic boards and a tensile testing
stage (TST350, Linkam Scientific Instruments), respectively. WAXD experiments were
conducted using a customized stage in transmission mode at the 9A U-SAXS beamline in
Pohang Accelerator Laboratory. The wavelength and energy of the X-ray were 1.1179 A and
11.09 keV, respectively, and the sample-to-detector distance was 0.2 m.,

Optical measurement: Transmittance spectra in Figures 2c, 3b, 4b and 4g were normalized to
that of a 2mm-thick PDMS film with incident LPL. Transmittance spectra in Figures 3e and
4c—e were normalized by the transmittance of the two parallel polarizers with a 2mm-thick
PDMS film. The position of Ac, A4, and transmittance at Ac were determined by fitting a
Gaussian function to each transmission peak in the raw data. Optical rotation was obtained by
placing the CLCE film between two polarizers and measuring the transmittance while rotating
the top polarizer from 0° to 180° at intervals of 10°. The optical rotation is defined as the angle
at which the transmittance of each A is maximized.

Calculation of Hermans orientation parameter: Diffraction intensities for the azimuthal angle,
I(p), were recorded at q = 1.39 A1, which corresponds to an average interchain distance of d =
4.5 A, a typical value for nematic liquid crystals. The Hermans orientation parameter, S, was
determined from I(¢) using Equations 4-6.

§ =2 {3(cos?y) — 1 @)
cos?y =1 — 2(cos?g) (5)
[T 1(@)cos?e sin pdp
2 — Jo
cosTe = Iy 1(@) sin pdg ©)

Here, azimuthal angle ¢ represents the directional angle relative to the uniaxial stretching

direction, which is defined as ¢ = 0° in this measurement.
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Supporting Information is available from the Wiley Online Library or from the author.
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Optical rotation-based mechanochromic responses of cholesteric liquid crystal elastomers are
demonstrated under compression and uniaxial stretching. Compression allows for the well-
maintained helical structure, whereas stretching induces anisotropic strain and a loss of chirality.
A visual signaling system, utilizing optical rotation-based mechanochromic responses, provides

discernible color information depending on the types and degrees of deformation.
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Figure S1. Schematic illustration of the fabrication process for multi-layered CLCE film.
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Figure S2. DSC 2" heating thermograms of CLCE. The glass transition temperature, Tq, of the

CLCE film is 4.0+5.8 °C.
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Figure S3. Transmittance spectrum of 2 mm-thick PDMS. The average transmittance of PDMS

in 400—750 nm region is 98.2+1.0%. The transmittance is measured with incident LPL.
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Table S1. Summary of optical characteristics, including position of Ac, bandwidth A4, and the
transmittance at Ac for each C-CLCE.

€, 4, (nm) AA (nm) Transmittance at 4_ (%)
0 695.4 72.2+0.9 50.0

-0.04 658.4 76.4+1.1 51.0

-0.08 | 628.0 63.8£1.0 50.5

-0.12 | 603.0 66.0£1.0 50.3

-0.16 572.3 68.4+1.0 50.5

-0.20 544.9 68.6+1.0 48.1

-0.24 510.6 68.2+1.0 50.3

-0.28 486.0 65.9+1.0 51.2
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Figure S4. Sequential changes in the optical rotation of C-CLCE. a-h) Optical rotation of C-
CLCE according to the applied compressive strain of &, values increasing from 0 to —0.28 at

—0.04 intervals.
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Figure S5. Transmittance of C-CLCE with top polarizer. a-b) Transmittance of C-CLCE
measured while rotating the top polarizer from —90° to 60° at (a) ez =—0.08 and (b) & = —0.20.
The transmittance spectra were normalized by the transmittance of the two parallel polarizers
with a 2mm-thick PDMS film.
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Table S2. Summary of optical characteristics, including position of Ac, A4, and the transmittance
at Ac for each S-CLCE.

€, 4, (nm) AA (nm) Transmittance at 4_ (%)
0 689.2 69.4+0.9 50.2

-0.04 | 6619 50.8+0.8 42.0

-0.08 | 626.6 47.0£0.4 35.3

-0.12 | 600.2 38.0£0.5 29.3

-0.16 567.1 35.7+£0.3 21.6

-0.20 543.7 35.5+0.3 17.5

-0.24 510.0 38.4+0.3 27.1

-0.28 484.5 47.310.4 36.4
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Figure S6. Equipment of wide-angle X-ray diffraction (WAXD) experiment. a—b) Photographs
of (a) experimental setup for WAXD in transmission mode and (b) a customized tensile stage

capable of both biaxial and uniaxial stretching.
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Figure S7. Theoretical longitudinal strain diagrams of CLCE film for biaxial stretching and

compression.
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Figure S8. Line-cut profiles of 2D GIXD images of freestanding CLCE film without any strain.
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(b) (c)

Figure S9. Patterned bottom polarizer without CLCE film. a—c) Photographs of patterned
bottom polarizer without CLCE film taken while rotating the top polarizer at (a) &' = —90° (b)

—50° and (c) 30°. The black color represents the cross-polarization state between the bottom

and top polarizers.
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Captions for Movies S1-S6

Movie S1. Reflection colors of C-CLCE. A multi-layered CLCE film shows a color shift from
red to blue upon arbitrary mechanical compression. (2 times faster than real-time motion)
Movie S2. Reflection colors of S-CLCE. A multi-layered CLCE film shows a color shift from
red to blue upon arbitrary mechanical stretching. (3 times faster than real-time motion)

Movie S3. Transmission colors of C-CLCE with two linear polarizers. A multi-layered CLCE
film is placed between bottom and top linear polarizers. The top polarizer is fixed in front of
the camera lens with 0 set at 50° or —30°. A CLCE film exhibits various colors according to
arbitrary mechanical compression and 6. (3 times faster than real-time motion)

Movie S4. Transmission colors of S-CLCE with two linear polarizers. A multi-layered CLCE
film is placed between bottom and top linear polarizers. The top polarizer is fixed in front of
the camera lens with 0 set at 50° or —30°. A CLCE film exhibits various colors according to
arbitrary mechanical stretching and 6. (3 times faster than real-time motion)

Movie S5. Color variation of C-CLCE with patterned bottom polarizers. A multi-layered CLCE
film is placed between patterned bottom polarizer and top linear polarizer. The top polarizer is
fixed in front of the camera lens with 6’ set at —50°, 20° and 30°. The CLCE film is placed as
close to the lens as possible to cover the entire shooting area with the uniform transmission
colors of CLCE upon mechanical compression. Each video at a specific &' is individually sped
up to match the degree of arbitrary deformation between the videos.

Movie S6. Color variation of S-CLCE with patterned bottom polarizers. A multi-layered CLCE
film is placed between patterned bottom polarizer and top linear polarizer. The top polarizer is
fixed in front of the camera lens with 6’ set at —50°, 20° and 30°. The CLCE film is placed as
close to the lens as possible to cover the entire shooting area with the uniform transmission
colors of CLCE upon mechanical stretching. Each video at a specific ¢’ is individually sped up

to match the degree of arbitrary deformation between the videos.
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