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Liquid-crystal elastomers based on covalent adaptable networks: From

molecular design to applications

Yangyang Zhu'?, Zhentian Xu!, Feiyan Wu!", Meng Wang>* and Lie Chen'"

ABSTRACT Liquid-crystal elastomers (LCEs) have attracted
great attention as stimuli-responsive materials due to their
capability of large and reversible deformation, rendering them
excellent candidates for soft actuators, artificial muscles,
photonic devices, and biomedical engineering. Unlike con-
ventional LCEs featuring permanent crosslinked networks,
LCEs with covalent adaptable networks (CAN-LCEs) enable
program into monodomain LCEs from polydomain LCEs due
to the network rearrangement induced by bond exchange re-
actions. In addition, the CAN-LCEs are capable of welding,
self-healing, recycling, reprocessing, or reprogramming.
Herein, the latest achievements of CAN-LCEs are summar-
ized. The CAN-LCEs based on various types of bond exchange
reactions and design strategies are discussed in detail. The
novel properties brought by CANs, including welding, self-
healing, remolding, recycling, and reprogramming, as well as
their emerging applications are also discussed. Finally, this
review summarizes the challenges and potential future devel-
opments in this emerging research area.

Keywords: liquid-crystal elastomers, covalent adaptable net-
works, multifunction

INTRODUCTION

Liquid-crystal elastomers (LCEs) are a class of functional
materials that possess both the anisotropic properties of liquid-
crystal mesogens and the elasticity of polymer networks, thereby
showcasing great application potential in soft actuators [1,2],
artificial muscles [3,4], photonic devices [5,6] and biomedical
engineering [7-9], etc. In 1975, de Gennes [10] initially pro-
posed the theory that LCEs could be suitable for the preparation
of artificial muscles, and pointed out that LCEs exhibited phase
transition and shape memory functions under low stresses,
making them ideal for imitating muscle contraction and
relaxation. In recent decades, further research has confirmed
that monodomain LCEs, as a typical example of two-way shape
memory polymers (2W-SMPs), are capable of large and rever-
sible shape deformation in response to external stimuli, such as
heat, light, humidity, electric and magnetic fields [11-21].
During the stimuli-induced LC-to-isotropic phase transition
process, the microscopic orders or molecular structures of uni-
axial-aligned mesogens change and lose their original orienta-
tion, resulting in the macroscopically reversible anisotropic
shrinking or bending deformation of the monodomain LCEs

[22,23]. In general, the treatments are required to align meso-
gens into monodomains in the LCE matrixes to initiate a strain
response by stimuli.

Despite the advancements in various technologies, such as
mechanical stretching [24-26], surface alignment [27-29], and
emerging direct ink writing (DIW)-based three-dimensional
(3D) printing techniques [20,30,31] for fabricating LCEs with
more complex geometries, a crucial issue cannot be ignored.
Namely, the treatment for mesogen alignment is typically per-
formed prior to final permanent crosslinking step during the
whole LCE preparation process, resulting in a complicated
preparation process for LCEs with complex shapes. In addition,
traditional LCEs cannot be reprogrammed, reprocessed, or
recycled like thermoplastics, due to their permanently covalently
crosslinked network, unless subjected to chemical decomposi-
tion. In other words, the structures and properties of the LCEs
are permanently defined once the network is fully established.

The development of polymer networks with dynamic covalent
bonds (DCBs), known as covalent adaptable networks (CAN )
[32-34], has provided a promising strategy to address these
limitations of traditional LCEs. DCBs in CANs undergo bond
exchange reactions under specific stimulation conditions, such
as light [35], heat [36], mechanical force [37], or water [38],
which leads to rearrangements of the network structure and
provides CANs with thermoplastic-like properties. After
removal of the external stimuli, CANs can exhibit traditional
thermoset properties with good dimensional stability and
mechanical properties. Therefore, incorporating CANs into
LCEs may endow traditional LCEs with some new functions,
such as the alignment of mesogens through activating bond
exchange reactions after LCE synthesis. Furthermore, CAN-
LCEs possess the capability to rearrange the polymer network
through bond exchange reactions, thereby enabling rearrange-
ment, reprogramming, reprocessing, and recycling. Despite the
fact that dynamic non-covalent bonds, such as hydrogen bonds,
have also been effectively employed as dynamic crosslinks to
fabricate physically crosslinked LCEs [39-41], LC composites
[42-44] and LC bilayer systems [45-48] with welding, recycling,
and reprogramming properties, they are relatively sensitive to
temperature and solvents due to their low hydrogen bonding
energies, which limits their application fields. Therefore, CAN-
LCEs offer wider prospects for application. Ji and co-workers
[49] reported the first CAN-LCE system, which enabled pro-
gramming of monodomain LCEs via transesterification. The
resulting CAN-LCEs exhibited excellent properties such as
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remodeling, self-healing, and reprocessing compared with con-
ventional LCEs. Since then, various types of DCBs, including
thermo-activated and photo-activated DCBs, have been used to
prepare novel CAN-LCEs. A wide variety of thermo-activated
DCBs are available, such as transesterification [50,51], boronic
ester exchange [38,52], siloxane exchange [53,54], transcarba-
moylation [55,56], dynamic thiourea exchange [4,57], Diels-
Alder (DA) dynamic networks [58-62], imine metathesis [63],
and thiol-anhydride exchange [64]. Photo-activated DCBs, such
as allyl sulfide-thiol exchange [65-67], reversible [4 + 4]
cycloaddition of anthracene [68], and reversible [2 + 2]
cycloaddition of cinnamon [69], also have attracted lots of sci-
entific attention. In addition, disulfide exchange [70-73] and
diselenide exchange [74,75] can be both photo- and thermo-
activated, while tetraarylsuccinonitrile (TASN) dissociation
[76,77] can be both force- and thermo-activated.

In this review, we present a comprehensive introduction to the
recent advances in multi-functional LCEs with CANSs. Firstly, we
introduced the chemistry of CANs, discussed the currently
developed CAN-LCEs based on various types of DCBs, and
summarized the novel properties of LCEs brought by CANs. The
emerging applications of CAN-LCEs were highlighted, including
reconfiguring soft actuators, 4D printing, bionic devices, and
artificial muscles. At last, this review concluded with a summary
of the design strategies and limitations of CAN-LCEs, along with
existing challenges and future opportunities in this emerging
field.

CHEMISTRY OF CANs

According to the mechanism of dynamic bond exchange, CANs
can be classified into dissociative and associative CANs [33,78].
The dissociative CANs follow the sequence of bond-breaking
and then bond-forming (Scheme 1la). The structures of dis-
sociative CANs change significantly during the bond exchange
process, which is due to the reduction of the crosslink density
when the bonds are activated. The most typical dissociative
CANs are the crosslinked network based on the thermally
reversible DA reaction. At around 60°C, stable DA adducts can
be formed via DA reaction. Upon heating to 110°C, the retro-
DA reaction is activated, leading to network rearrangement
[58,59]. In associative CANs systems, the breaking and
reforming of bonds occur simultaneously, resulting in a constant
crosslink density of the polymer networks (Scheme 1b). In 2011,
Leibler and co-workers [79] reported a novel polymer material
with the associative CANs based on ester bond exchange, which
was named “vitrimers”. Since then, various DCBs have been
developed to fabricate functional materials with associative
CANs, such as shape memory materials [80-82], recyclable
materials [83,84], self-healing materials [85-87], and even 3D-
printing materials [62,88]. In addition, some CANs have also
been found to demonstrate multiple exchange mechanisms
depending on the conditions (Scheme 1c) [34]. Disulfide is the
most representative CANs. One of the exchange mechanisms is
that the disulfide bonds are first reduced to form two mercap-
tans, which are then oxidized. Alternatively, disulfide bonds can
be reversibly cleaved into stable sulfur elements under ultraviolet
(UV) irradiation or heating conditions, allowing for exchange.
Another mechanism involves the disulfide metathesis, as
demonstrated by Odriozola’s group [89], who reported an aro-
matic disulfide capable of exchange at room temperature with-
out the need for a catalyst.
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CLASSIFICATION AND PROPERTIES OF CAN-LCEs
In this section, we discuss the currently developed CAN-LCEs
which are based on various types of DCBs. The combination of
CAN and LCE can realize the post-crosslinking orientation of
LCE, while the dynamic characteristics of CAN also endow LCE
with new functions, such as welding, self-healing, recycling,
reprogramming, and thermochromic behavior. Table 1 sum-
marizes the DCBs that have been used in CAN-LCEs, along with
their activating conditions, properties, and applications. We
hope that these classifications will assist in choosing an appro-
priate DCB when designing CAN-LCE:s.

Thermo-activated DCBs-based CAN-LCEs

Transesterification-based CAN-LCEs

Transesterification generally refers to the reaction between ester
and alcohol (or acid and ester) to generate new ester and new
alcohol (or acid and ester) in the presence of catalysts (acid or
base) under heating conditions [90]. The transesterification
catalyzed by basic catalysts offers several advantages over that
catalyzed by acid catalysts, including faster reaction speed, lower
consumption, and milder reaction conditions [91]. Therefore,
base catalysts are the most widely used catalysts for transester-
ification at present. In 2014, Ji and co-workers [49] first reported
CAN-LCEs based on transesterification. The polydomain LCEs
were synthesized by epoxy-acid polymerization between epoxy-
terminated biphenyl mesogens and sebacic acid with the catalyst
of triazabicyclodecene (TBD) (Fig. 1a). First, a polydomain
sample was heated to trigger bond exchange reactions and a
uniaxial load was applied. Then, the uniaxially stretched sample
was fixed and cooled to room temperature to obtain a mono-
domain LCE. The resulting monodomain LCE could shrink
along the direction of mesogenic orientation, and return to its
original state when the temperature dropped to room tem-
perature. In addition, the LCE could be reshaped and repro-
cessed when transesterification was triggered by heating. Zhao’s
group [51] reported reprocessable light-driven azobenzene-
containing LCEs (ALCEs) prepared by the epoxide ring-opening
reaction between diepoxy-terminated azobenzene mesogen and
dodecanedioic acid with the catalyst of TBD at 180°C (Fig. 1b).
The glass transition temperature (Tg) of the resulting ALCEs was
approximately 55°C and the LC-isotropic phase transition
temperature (Tic.is0) Was approximately 122°C. It was found that
the monodomain ALCEs can be fabricated by stretching the
polydomain specimen with different strains at 100°C. Under UV
irradiation (365 nm), the azobenzene mesogens of ALCEs could
undergo trans-cis isomerization, resulting in contraction force.
Additionally, without the irradiation of UV light, the force partly
decreased, and it dropped to zero only when exposed to visible
light (550 nm).

Besides, the azobenzene mesogens could also convert the
optical energy into heat to provide chain mobility. However, all
of the above processes required a catalyst to activate the ester
exchange reaction, which might result in the possibility of cat-
alyst toxicity, deterioration, and leakage. Hence, the develop-
ment of LCEs based on catalyst-free transesterification is more
promising.

To avoid the influence of catalysts, Ikeda and co-workers [50]
utilized poly(hydrogenmethylsiloxane) and vinyl compounds to
fabricate an exchangeable LCE, which contained both dynamic
phenol-hydroxyl bonds and azobenzene moieties (Fig. 1c).
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Scheme 1 (a) Schematic illustration of exchange pathways in dissociative CANs, and various DCBs in dissociative CANs. (b) Schematic illustration of
exchange pathways in associative CANs, and various DCBs in associative CANs. (c) CANs with multiple exchange mechanisms.

Interestingly, the exchangeable LCEs were capable of reshaping
through transesterification with catalyst-free thanks to the high
reactivity of phenyl-OH groups. The flat monodomain films
could be fabricated into the complicated spiral ribbon by
keeping the materials at 120°C for 30 min. When irradiated with
UV (365nm, 97 mW cm™) and visible light (>540 nm,
60 mW cm™?), the resulting spiral ribbon underwent reversible
winding and unwinding motions (Fig. 1c). Furthermore, Ji and
co-workers [94] developed a reprogrammable main-chain LCE
using a two-step reaction of aza-Michael addition and photo-
polymerization between 1,4-bis-[4-(3-acryloyloxypropyloxy)-
benzoyloxy]-2-methylbenzene (RM257) and n-butylamine. The
obtained LCEs showed superior welding and self-healing beha-

3006

© Science China Press 2023

vior through catalyst-free transesterification, due to a great
number of alkaline tertiary amino groups (Fig. 1d). Using a
photothermal welding strategy, four different 3D actuators were
further assembled into a new versatile 3D actuator, with each
part capable of performing different thermal actuating behavior
as the temperature increased.

Boronic ester exchange-based CAN-LCEs

Typically, boronic esters with a five-membered ring structure are
formed by the esterification of boric acid and 1,2-diol. As a
typical class of DCBs, boronic esters have been widely applied in
the development of self-healing and recyclable polymers, owing
to the rapid bond exchange with free-catalysts [95-97]. Boronic
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(c) Catalyst-free transesterification based on phenyl-OH groups. Reprinted with permission from Ref. [50], Copyright 2016, Wiley-VCH. (d) Catalyst-free

transesterification based on alkaline tertiary amino groups.

ester exchange, unlike transesterification, can undergo bond
exchangeable reactions under milder conditions. It is worth
noting that the boronic esters can undergo hydrolysis/dehy-
dration in the presence of water. Recently, researchers have
introduced dynamic covalent boronic ester bonds into LCEs. For
example, Terentejv and co-workers [52] demonstrated a thermo-
activated LCE based on catalyst-free boronic transesterification,
which enabled remolding, welding, and director alignment at
low temperatures. The authors introduced partly permanent
crosslinked network into LCEs to ensure the integrity of the
LCEs. It was found that the LCEs based on catalyst-free boronic
transesterification could be reprogrammed into a dome-like
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shape with a monodomain state. The obtained monodomain
dome-shaped LCEs deformed into a flat disk as the temperature
rose above the nematic-to-isotropic phase transition tempera-
ture (Tni) (Fig. 2a).

Feng and co-workers [38] further introduced dynamic boronic
ester bonds into the cholesteric LCE (CLCEs) to successfully
develop self-healing, shape-morphing and mechanochromic
camouflage CLCEs using two-step reactions. The resulting
CLCEs showed rapid and reversible shape and color changes
under mechanical stretching (Fig. 2b), and no obvious degra-
dation was observed even after more than 100 cycles. Moreover,
the CLCEs could be reprogrammed into a monodomain state

August 2023 | Vol.66 No.8
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upon heating to 80°C for 4 h under uniaxial stretching due to the
thermo-activated boronic ester bond exchange reaction (Fig. 2c).
The resulting CLCE demonstrated remarkable reversible
actuating behavior when the temperature was alternately swit-
ched between 25 and 100°C. Additionally, the CLCEs could be
programmed as 4D actuators with different colors and 3D
shapes (Fig. 2d). It is worth noting that the CLCE with more
boronic ester bonds could exhibit excellent self-healing char-
acteristics at room temperature. For example, two pieces of
CLCE films containing 50% boronic ester 2,2'-(1,4-phenylene)-
bis[4-mercaptan-1,3,2-dioxaborolane] (BDB) could easily stick
together with the aid of water owing to the reversible boronic
ester bond exchange through water-assisted hydrolysis/dehy-

August 2023 | Vol.66 No.8
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dration, and the self-healing sample could lift around 1000 times
its weight.

DA adduct-based CAN-LCEs

DA adducts are usually obtained by the [2 + 4] cycloaddition
reaction between electron-rich dienes and electron-deficient
dienophiles, and dissociation reactions can occur at approxi-
mately 110°C. The DA reactions possess not only thermal
reversibility but also mild reaction conditions, few side reactions,
and no catalyst requirement, making them widely used in the
preparation of self-healing and recyclable materials [58,59]. Yet,
some researchers have introduced the DA reactions into LCEs to
design multifunctional actuators. For example, Zhao and co-
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workers [61] introduced the DA bonds into LCEs to prepare
“self-lockable” LCEs that could be programmed and processed at
room temperature after high-temperature pretreatment (Fig. 3a).
It was found that the LCEs underwent depolymerization upon
heating to 125°C by triggering the reverse DA reaction (retro-
DA), and could slow to restore the DA-bonded network on
cooling. Using the difference in kinetics of the association and
dissociation of DA bond, sufficient time was available to pro-
gram the LCEs into predetermined shapes with oriented meso-
gens self-locked by the DA bonds at room temperature (Fig. 3b).

The resulting LCEs could undergo reversible thermal actua-
tion during the heating and cooling cycles. By introducing
azobenzene mesogens into the network, the actuation can also be
induced by light. The reversible nature of the DA bonds enabled
the alignment of LCEs to be erased by reheating to 125°C, and
LCEs could be reprogramed and reprocessed into desired 3D
shapes at room temperature. In addition, LCEs in this work
could be processed either directly from the melt (e.g., fiber
stretching) or dissolved in solution (e.g., casting of tubular
actuators), which was difficult to achieve in previous
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exchangeable LCE systems. Shape programming at room tem-
perature was suitable for the preparation of LCE actuators,
obviating the operational difficulties caused by high-temperature
processing while also providing a novel idea for the design of
LCE actuators.

Transcarbamoylation-based CAN-LCEs

Thermoset polyurethanes are polymeric materials made by
polyisocyanate and polyol polymerization, which have been
widely used in the fields of foam, coating, elastomers, etc., due to
their high mechanical strength, high elasticity, and corrosion
resistance [98-100]. Traditionally, thermoset polyurethanes were
difficult to be reprocessed. However, Xie and co-workers [101]
reported a thermoset polyurethane that exhibited thermoplastic
behavior via transcarbamoylation at 130°C.

Bowman and co-workers [55] developed a polyurethane LCE
(PULCE) containing dynamic carbamate bonds through three-
step reactions (Fig. 3c). Through the transcarbamoylation, the
PULCEs could be programmed into monodomain samples in
the presence of catalysts dibutyltin dilaurate (DBTDL) by
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Figure 3 (a) Design of LCEs with dynamic DA network. (b) Reconfiguration of LCEs enabled by dynamic DA bonds. Reprinted with permission from Ref.
[61], Copyright 2020, Wiley-VCH. (c) Mechanism and illustration of exchangeable carbamate bonds. (d) Multi-reversible contraction and elongation of the
monodomain PULCEs. Reprinted with permission from Ref. [55], Copyright 2018, American Chemical Society. (e) LCEs containing dynamic thiourea bonds.
(f) Reversible thermal actuation of the monodomain LCE-TUEG. Scale bars represent 5 mm. (g) Programming of LCE-TUEG and corresponding thermo-
induced actuation. Reprinted with permission from Ref. [4], Copyright 2021, Wiley-VCH.
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stretching at 150°C for 1 h. Intriguingly, the obtained mono-
domain PULCE:s exhibited reversible two-stage actuation beha-
viors (Fig. 3d) in a free-standing state, corresponding to the two
separate phase transitions. Recently, Ji and co-workers [56]
reported multifunctional magnetothermo-responsive LCEs
based on dynamic urethane bonds. The Fe;O, nanoparticles
doped in LCEs generated a magnetocaloric effect under an
alternating magnetic field to activate the dynamic carbamate
bond exchange reaction, thereby endowing the LCE with the
functions of reprogramming, self-healing, and seamless assem-
bly. Besides, the different magnetic response motion modes of
LCEs could be regulated by the input magnetic field strength,
which greatly enriched the application of magnetron motion.

Dynamic thiourea-based CAN-LCEs

The incorporation of dynamic thiourea bonds into LCEs was
reported by Ahn’s group [4] via thiol-Michael addition and aza-
Michael addition reactions among diacrylate LC monomers (1,4-
bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene,
RMS82), dithiol chain extenders (2,2'-(ethylenedioxy)dietha-
nethiol, EDDET), and diamine-functionalized poly(ether-
thiourea) with a triethylene glycol spacers (TUEG). The
exchange reaction of dynamic thiourea bonds follows a dis-
sociation mechanism (Fig. 3e). It should be noticed that the
thiourea bonds not only endow the LCEs with dynamic char-
acteristics but also endow LCEs with hydrogen bonding ability
to further enhance the mechanical properties. The monodomain
LCE-TUEG could be fabricated by mechanically stretching the
sample at 120°C, which was higher than the LC-isotropic tran-
sition temperature (around 80°C). This allowed stable reversible
thermo-induced actuation of the aligned LCE-TUEG without
creeping of the network (Fig. 3f). In addition, the obtained LCE-
TUEG was capable of welding, recycling, reprogramming, and
reprocessing (including melt reprocessing and solution repro-
cessing), due to the nature of dynamic dissociative thiourea
bonds. Furthermore, the two sheared LCE-TUEG films could be
healed into a complete film with a healing efficiency of 60% after
being heated at 140°C for 1h. The LCE-TUEG could be
reprogrammed into different shapes and showed reversible
deformation upon heating and cooling. Moreover, this repro-
grammable actuation could be erased by heating the material to
140°C to activate the bond exchange reactions.

Imine-based CAN-LCEs

Imines, also known as Schiff bases, are derived from the con-
densation reaction of primary amines and aldehydes [102].
Generally, imine bonds can undergo bond exchange reactions at
mild temperatures with no catalysts, and are widely used to
design vitrimers. Recently, Terentjev and co-workers [63]
reported a catalyst-free imine-based exchangeable LCE with
thermal stability (Fig. 4a). The authors designed and synthesized
a new LC monomer (named RM736) with imine bonds in the
mesogenic cores. This LCE with a T of around 10°C and Ty; of
around 70°C was prepared by conducting the thiol-ene reaction
between RM736, EDDET, and pentaerythritol tetrakis(3-mer-
captopropionate) (PETMP) using a dipropylamine catalyst. Due
to the dynamic nature of imine, the synthetic LCEs could be
reshaped into ideal size and dimensions by hot-pressing at 120°C
and 0.1 MPa for 2 min. Unlike conventional LCEs with ther-
mally responsive CANs, the LCEs with imine-based CANs were
difficult to be mechanically stretched to align mesogens above
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Txi, while it could be achieved in the nematic state. The
monodomain LCEs exhibited reversible thermal actuation upon
heating and cooling (Fig. 4b). Interestingly, the LCEs with
imine-based CANs were stable in water at room temperature but
dissolved after refluxing in an acidic aqueous solution (pH 3) for
24 h, which made these LCEs to be used to design degradable
materials.

Thiol-anhydride-based CAN-LCEs

Thioester functional groups are usually formed by reversible
addition reactions of thiols and anhydrides. Since the reversible
nature of this reaction, it can be used to prepare CANs with
dynamic characteristics, including temperature-dependent stress
relaxation, self-healing, recycling, and direct reprocessing
[103,104]. Bowman and co-workers [64] utilized thiol-anhydride
dynamic chemistry to promote shape persistence in diary-
lethene-functionalized LCEs (DAE-LCEs). The authors used a
two-step synthesis to fabricate DAE-LCEs containing DAE and
dynamic thiol-anhydride bonds (Fig. 4c). The mesogens were
aligned under mechanical stress via thiol-anhydride bond
exchange reactions at 80°C to achieve appreciable photo-
induced deformation. When subjected to UV irradiation
(365 nm, 50 mW cm™2) for 30 s, the colorless ring-opening iso-
mers of DAE underwent electrocyclization to produce colored
ring-closing isomers, and the film bent towards the light source
due to strain gradients caused by the light attenuation in the
thickness range. Following a 10-min visible irradiation (525 nm,
50 mW cm™2), the colored ring-closed isomers reverted to col-
orless ring-opened isomers, leading to the film returning to a flat
state. However, despite the persistent and thermally stable iso-
mers of DAE, the polymer network relaxed to its original length
over time after UV-induced deformation. Consequently, to
avoid post-deformation relaxation, polymer network rearran-
gement was completed by triggering thiol-anhydride bonds after
photo-deformation, thus preserving the post-deformation shape.

Siloxane exchange-based CAN-LCEs

In 1991, Finkelmann and Kiipfer [25] designed and synthesized
the first aligned side-chain LCEs via a two-stage hydrosilylation
reaction between silicon hydride and alkene. The monodomain
LCEs were achieved by the reaction kinetic differences between
vinyl and methacrylate. However, it was impossible to reprocess
the LCEs into 3D soft actuators. In 2012, McCarthy and Zheng
[105] used tetramethylammonium-siloxane to induce ring-
opening copolymerization of octamethylcyclotetrasiloxane with
bis(heptamethylcyclotetrasiloxanyl)ethane to synthesize a silane
elastomer, where tetramethylammonium dimethylsilylate end
groups could react with the silane chains in the cross-linked
network to achieve the reconfiguration of the cross-linked net-
work of the elastomer. Terentjev and Saed [53] reported an LCE
based on siloxane exchange reaction, which was capable of
welding, remolding, and director alignment. The authors used
RM82 as the LC monomer, EDDET as the chain extender, tet-
ramethylammonium siloxanolate (TMA-Si) as the catalyst, and
four-functional ring-siloxane TMTVCTS as crosslinks (Fig. 4d).
The polydomain LCEs could be programmed into a mono-
domain state or remolded into the desired shape at high tem-
peratures. Ji and co-workers [54] developed a polysiloxane-based
LCE with switchable thermal reprogrammability (Fig. 4e).
Through a post-synthesis swelling method, the catalyst bis(tet-
ramethylammonium) oligodimethyl siloxanediolate (TMA-
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Figure 4 (a) Illustration of imine metathesis in the LCEs with imine-based CANSs. (b) Reversible thermal actuation of LCE containing imine bond. Reprinted
with permission from Ref. [63], Copyright 2022, American Chemical Society. (c) Design of DAE-LCEs and the function of shape retention of DAE-LCE.
Reprinted with permission from Ref. [64], Copyright 2022, Wiley-VCH. (d) Synthetic route of LCEs containing siloxane exchange reaction. Reprinted with
permission from Ref. [53], Copyright 2020, Springer Nature. (e) Illustration of turning the thermal reprogrammability on and off. Scale bar: 5 mm. Reprinted

with permission from Ref. [54], Copyright 2020, Wiley-VCH.

DMSiO) was introduced into the network to activate the silox-
ane exchange reaction, enabling the LCEs to be programmed. In
addition, the catalyst could be decomposed and removed from
the network at 150°C, which resulted in the loss of program-
mability of the LCEs. To reendow the LCEs with program-
mability, the same method was used to simply reload the catalyst
into the network. More interestingly, the programmability of the
LCEs could be modified locally with light using photothermal
conversion technology, allowing for different driving modes to
be incorporated into a single actuator to perform more delicate
and complex tasks. This work significantly increased the
applicability of traditional silicon-based materials in soft robots.
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Photo-activated DCBs-based CAN-LCEs

Reversible photodimerization-based CAN-LCEs

Anthracene is a type of photo-activated DCB that can undergo
[4 + 4] photodimerizations under 365-nm UV light irradiation
and can be cleaved under heating or 254-nm UV light irradia-
tion [106,107]. Consequently, the incorporation of such DCBs
into the LCE system allows for selective fixing and erasing of
mesogenic orientations through light. Zhao and co-workers [68]
incorporated anthracene groups into the main-chain of linear
LCEs to fabricate actuators with on-demand optical reconfi-
guration (Fig. 5a). With an increase in the exposure time to
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365-nm UV irradiation, the intensity of the absorption peaks of
the anthracene groups in the UV-visible spectra gradually
decreased, indicating the formation of dimers. Under the sub-
sequent 254-nm UV light, the intensity of the absorption peaks
increased with irradiation time, indicating the dissociation of the
dimers. Taking advantage of the dynamic properties of this
reversible photodimerization, these LCE actuators could be
spatially programmed at ambient temperature to exhibit com-
plex responsive deformations. For instance, flat actuators could
be selectively optically reconfigured to exhibit various actuation
modes, such as reversible stretching, bending, and wavy defor-
mation (Fig. 5a).

Cinnamyl groups are photosensitive groups similar to
anthracene groups, which can undergo [2 + 2] photo-
cycloaddition reactions to form dimers when subjected to UV
irradiation (e.g., 320 nm), whereas the dimers can be cleaved
under UV light irradiation at another wavelength (e.g., 254 nm)
[108-110]. The research from Zhao’s group [69] has incorpo-
rated cinnamyl groups into LCEs to prepare actuators with
complex shape morphing (Fig. 5b). The photodimerization of
cinnamyl could be used to lock the orientation of mesogens in
the stretched LCEs. By controlling the degree of photo-cross-
linking on one side of the film, actuation modes of reversible
bending, buckling, and rolling could be achieved under heating
and cooling, respectively. Alternatively, selective photo-cross-
linking of the film surface could enable wave, wrinkle, or
dumpling deformation (Fig. 5b). In addition, complex 3D
actuation shapes, including side-exchange actuation, reversal-
actuation, and hyperbolic paraboloid shapes, could also be rea-
lized using optical programming technology.
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Allyl sulfide-thiol exchange-based CAN-LCEs

Allyl sulfides can undergo reversible addition fragmentation
transfer (RAFT) reactions with free radicals, which can realize
stress relaxation and topological network rearrangement in the
material [111]. Usually, allyl sulfide is introduced into the
polymer backbone, and the photoinitiator generates a free
radical to activate the RAFT reaction under light irradiation. The
reaction mechanism is shown in Fig. 5c. In addition, by
removing external activation or completely consuming free
radicals, the RAFT reaction can be terminated.

Bowman and co-workers [65] first introduced allyl sulfide into
LC oligomers, which was further photopolymerized with
monoacrylates to form photo-induced programmable LCEs
(Fig. 5¢). The birefringence and surface morphology of LCEs
could be controlled by using the RAFT reaction of DCBs of allyl
sulfide with free radicals. In addition, the local controllability of
light could cause the disappearance of orientation in the exposed
area, resulting in asymmetrical internal stress in the material.
Using this method, various LCE patterns could be fabricated by
varying the stress between exposed and unexposed regions in the
material. Ji and co-workers [66] reported a flexible soft tubular
actuator with DCBs of allyl sulfide. An aligned tubular LCE was
easily obtained by stretching the tube under UV light, where the
RAFT reactions between allyl sulfide groups were activated.
After 1000 heating and cooling cycles, the driving performance
of the oriented tubular actuator was almost constant. Moreover,
by assembling different alignments in the same tubes, tubular
grippers with the ability to grab and release objects could be
prepared. Introducing polydopamine (PDA) into tubular
actuators enabled remote and rapid control of omnidirectional
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Figure 5 (a) Optically reconfigurable actuator based on anthracene by selective decrosslinking. Reprinted with permission from Ref. [68], Copyright 2019,
Wiley-VCH. (b) Chemical structure of the LCE with cinnamyl groups and the images of reversible thermal shape-morphing of LCE. Scale bars: 2 mm.
Reprinted with permission from Ref. [69], Copyright 2017, Wiley-VCH. (c) Radical-mediated allyl sulfide bond exchange mechanism and the synthetic route
of LCEs with allyl sulfide groups. Reprinted with permission from Ref. [65], Copyright 2017, Wiley-VCH.

August 2023 | Vol.66 No.8

© Science China Press 2023

3013



REVIEWS

SCIENCE CHINA Materials

bending deformation via infrared light. As a consequence, by
using the dynamic exchange property of photoactivated allyl
sulfide, it could not only realize the orientation of mesogens
inside LCEs, endowing actuators with different deformations,
but also substantially improve the stability of the actuator in use.

Multi-activated DCBs-based CAN-LCEs

Disulfide exchange-based CAN-LCEs

Disulfide bonds are classical DCBs that can undergo bond
exchange reactions upon heating, or UV irradiation in the
absence of catalysts or initiators [112-114]. The exchange of
disulfide bonds is a relatively complicated process, and the
exchange mechanism can vary depending on reaction conditions
and exchange modes. One of the exchange mechanisms is that
the disulfide bonds are first reduced to two mercaptans and then
oxidized; or disulfide bonds can be reversibly cleaved into stable
sulfur elements under UV irradiation or heating conditions and
then exchanged [113,115,116]. In recent years, researchers have
exploited the dynamic nature of disulfide bonds to develop
polymers with properties such as welding, reprogramming, self-
healing, recycling, and shape memory. The introduction of
disulfide bonds into LCE networks can endow LCEs with the
ability to be welded, programmed, surface patterned and
recyclable. Generally, there are three strategies to introduce
disulfide bonds into the LCE system.

The first strategy is to polymerize monomers with an internal
disulfide bond flanked by other polymerizable end groups
(Fig. 6a). Kessler and co-workers [117] designed and synthesized
disulfide bond-containing LCEs by polymerizing biphenyl-based
epoxy monomers with a disulfide-containing aliphatic dicar-
boxylic acid. The obtained LCEs could be reprocessed at 200°C,
and the reprocessability and recyclability of the LCEs could be
controlled by adjusting the number of disulfide bonds. Yang and
co-workers [118] developed monodomain LCEs containing
exchangeable disulfide bonds via in-situ photopolymerization.
Taking advantage of the dynamic nature of disulfide bonds, the
obtained LCEs could be fabricated into versatile shaped soft
actuators through a cut-and-paste method.

The second synthetic strategy for making LCEs with disulfide
bonds is to utilize the oxidation reaction between terminal thiols
(Fig. 6b). For instance, Cai and co-workers [71] used the
aforementioned method to prepare a disulfide bonds-containing
LCE capable of dual reprogramming by UV irradiation and heat.
In this paper, the authors programmed the specimen into
monodomain state by stretching it to twice its original length
and exposing the sample to UV irradiation for 1 h. For thermal
programming, the specimen was stretched to twice its original
length at 180°C to trigger disulfide exchange reactions. The
monodomain state could be obtained by keeping stretched and
cooling to ambient temperature. The monodomain LCEs
obtained by using the above two programming methods were
enabled to undergo the same reversible thermal actuation upon
heating and cooling. Moreover, with the help of imprint litho-
graphy, the LCE-based micropillar arrays could be fabricated
from the monodomain LCE at 180°C for 3 h.

Recently, a novel synthetic strategy to fabricate LCEs with
disulfide bonds via the ring-opening polymerization of cyclic
dithiolane groups was reported by Yang’s group (Fig. 6¢) [73].
The metathesis of disulfide bonds enabled broken LCE films to
realize self-healing at 110°C, and the healed films were slightly
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weaker but tougher than initial films. In addition, the film could
transform into a viscous melt upon heating to 130°C, and be
further stretched into oriented fibers possessing UV light-
induced bending behavior. The LCE could be dissolved in the
solvent by depolymerization with the addition of triazacyclo-
decene and 1,6-hexanediol owing to the reversible chain-pro-
pagation mechanism. After removal of the solvent, the
depolymerized LCE mixture could be reused to prepare new
LCE films. Furthermore, a solvent-assisted subtractive manu-
facturing strategy was used to prepare person-like soft actuators
that could perform bending motion under UV light irradiation.

Diselenide exchange-based CAN-LCEs

Diselenide bonds are DCBs similar to disulfide bonds that can
undergo diselenide metathesis without the need for catalysts or
initiators when exposed to visible light or upon heating (above
60°C). Diselenide bonds have lower bond energy than disulfide
bonds (240 k] mol™! for disulfide bonds, 172 k] mol~! for dis-
elenide bonds), implying that the diselenide bonds are more
labile to undergo bond exchange reaction [75,119]. Recently,
Yang and co-workers [74] reported healable and rearrangeable
LCEs containing diselenide bonds (Fig. 6d). The obtained LCEs
could be programmed into monodomain LCEs by triggering
diselenide metathesis either under visible light irradiation
(470 nm, 15 mW cm™) or upon heating to 120°C, and the
resulting aligned LCEs exhibited reversible thermal actuation
behavior. An assembled film obtained by welding two LCE films
at 62°C for 40 min could hang a weight of 50 g (Fig. 6e), which
indicated that the diselenide bond-based LCEs possessed good
self-weld properties. Moreover, the cut pieces could be repro-
cessed into a new film by hot pressing at 120°C for 2 h. The self-
welding and programmable features allowed bilayered actuators
to achieve complex deformations by assembling monolithic
films (Fig. 6f).

TASN-based CAN-LCEs

TASN is a dynamic mechanochromophor in which the central
C-C bonds can be dissociated into metastable pink carbon-
centered free radicals in respon