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Abstract Realizing multiple locked shapes in pre-oriented liquid crystal elastomers (LCEs) is highly desired for diversifying deformations and en-
hancing multi-functionality. However, conventional LCEs only deform between two shapes for each actuation cycle upon liquid crystal-isotropic
phase transitions induced by external stimuli. Here, we propose to regulate the actuation modes and the locked shapes of a pre-orientated epoxy
LCE by combining dynamic covalent bonds with cooling-rate-mediated control. The actuation modes can be adjusted on demand by exchange
reactions of dynamic covalent bonds. Derived from the established actuation modes, such as elongation, bending, and spiraling, the epoxy LCE
displays varied locked shapes at room temperature under different cooling rates. Various mediums are utilized to control the cooling rate, includ-
ing water, silicone oil, and copper plates. This approach provides a novel way for regulating the actuation modes and locked shapes of cutting-

edge intelligent devices.
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INTRODUCTION

Liquid crystal elastomers (LCEs) can undergo large and re-
versible deformations under external stimuli, which promise
them broad application prospects in the fields of artificial mus-
cles, aerospace, biomedical devices, damping devices, etc.'™
After orientation, LCEs show reversible actuations upon the lig-
uid crystal-isotropic phase transition.®"8! However, most LCEs
only exhibit reversible deformation between two permanent
shapes in an actuation cycle. Introducing multiple locked shapes
on a single pre-oriented monodomain LCE sample is highly de-
manded for intelligent shape-shifting systems!>'% Several
methods have been developed for regulating locked shapes of
pre-orientated LCEs. For instance, the design of combining crys-
talline melting transition and liquid crystal transition into the
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network structure design enables LCEs with multi-stage shape
memory.l' In addition, bidirectional actuation behaviors (triple-
locked shapes) can be realized in dielectric LCEs by changing
the electric field direction.'? Moreover, by utilizing the super-
critical behavior of LCEs, precisely controllable locked shapes
can be achieved under different temperatures.'®! Despite the
advances, these methods generally require continuous external
stimuli or energy input (such as heating or electric field) to
maintain multiple locked shapes.

For LCEs with predetermined actuation modes, it is a
straightforward and convenient method to modulate their
locked shapes at room temperature by adjusting cooling
rates.l'415] Since LCEs undergo a first-order isotropic to ne-
matic transition and are sensitive to temperature change
rates, heating oriented LCEs to an isotropic state and subse-
quently cooling them to room temperature by different cool-
ing rates can result in variations in the obtained locked
shapes.l'6-18] |t should be noted that the maintenance of
locked shapes does not require any external supply. Further-
more, using this cooling-rate-mediated strategy, the locked
shapes at room temperature can be flexibly adjusted by re-
peatedly heating and then cooling with another cooling rate.
Despite the advantages mentioned above, to date, only iso-
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lated cases have been reported involving this strategy. One
case combines LCE film and shape memory polymer film to
fabricate bilayer actuators, and utilizes varying cooling rates
to achieve different locked shapes.['s] However, the actuation
modes of these actuators were limited to bending and its de-
rived motions, due to the different deformation ratios be-
tween two layers. The other case is based on a type of LCE
with low glass transition temperature (T, about —6.4 °C).14l
Although the shapes can be regulated, the low Ty can lead to
the potential risk of poor stability for a prolonged time at
room temperature. Moreover, the locked shapes in the above
two cases do not involve reprogramming the actuation
modes of LCEs.

The introduction of dynamic covalent bonds into LCEs for
orientation and reprogramming of actuation modes has at-
tracted much attention over the past ten years.[19-21]
Crosslinked polymers with dynamic covalent bonds are cova-
lent adaptable networks (CANs).22-241 They can rearrange
their topological structures by the reversible reaction of dy-
namic covalent bonds.25) CANs that involve exchange reac-
tions and maintain network integrity during reprocessing are
vitrimers.[2627] Their characteristic reprogramming tempera-
ture is topology freezing transition temperature (T,).[28-301 By
heating exchangeable LCEs (xLCEs) above the T, along with
applying external force, the xLCEs can be permanently orient-
ed via network rearrangement. Using the same method, the
actuation modes can be reprogrammed through reprocess-
ing pre-orientation patterns.

Here, we propose to regulate the actuation modes and
locked shapes of xLCEs by combining dynamic covalent
bonds with cooling-rate-mediated control. An epoxy xLCE
with a T, higher than room temperature is chosen for stable
shape locking. Owing to the transesterification, the epoxy LCE
can be orientated and tailored to obtain desired actuation
modes. In addition, the exchange reaction allows for repro-
gramming other actuation modes. Based on the predeter-
mined actuation modes, obtained locked shapes at room
temperature vary by heating the oriented LCE above the
isotropic transition temperature (T;) and subsequently cool-
ing it down to room temperature under different cooling
rates. Diverse locked shapes are demonstrated, which derive
from elongating, bending, and spiraling modes. Moreover,
different mediums are applied to control cooling rates, in-
cluding water, silicone oil, and copper plates.

EXPERIMENTAL

General Considerations

Phenol (99%), chloroacetone (98%) and epichlorohydrin (99%)
were purchased from J&K Scientific. Triazobicyclodecene (TBD,
98%) and sebacic acid (99%) were purchased from TCI Shanghai.
Dichloromethane (DCM), ethanol, isopropyl alcohol, sulfuric acid
and sodium hydroxide was purchased from Beijing Tong Guang
Fine Chemicals Company. All the chemicals above were used di-
rectly without further purification. 4,4-Dihydroxy-a-methylstil-
bene (DHMS) and diglycidyl ether of 4,4-dihydroxy-a-methyl-
stibene (DGE-DHMS) were synthesized following the procedure
outlined in previous works."! Specific chemical synthesis equa-
tions of DHMS and DGE-DHMS were shown in Fig. S1 (in the
electronic supplementary information, ESI). From the 'H-NMR

spectra (Fig. S2 in ESI), the specific signals of DGE-DHMS can be
clearly identified.

Synthesis of the Polydomain xLCE

The preparation of the xLCE was similar to the procedure de-
scribed in our previous work.22 As shown in Fig. 1(a), stoichio-
metric amounts of DGE-DHMS and sebacic acid were mixed at
160 °C. The TBD catalyst (1 mol% to the COOH groups) was in-
troduced and stirred manually until the mixture was too viscous
to flow. Subsequently, the mixture was cooled to room temper-
ature and transferred into a custom-developed mold prepared
by combining two pieces of PTFE films with a spacer of the de-
sired thickness. The whole set was cured at 160 °C for 6 h under
a pressure of 4 MPa using a hot press, and then the polydomain
XLCE film was obtained. The specific cross-linking structure of
the xLCE was shown in Fig. 1(b).

Synthesis of the Monodomain xLCE

To obtain a monodomain XLCE, the as-prepared polydomain
xXLCE film was uniaxially stretched to 30% strain, and the defor-
mation was fixed by PTFE tapes on a glass slide. Alignment was
established via dynamic transesterification after keeping the
film at 160 °C for 2 h using a heating stage. Subsequently, the
cooled film was taken off and annealed at 100 °C to acquire a
monodomain xLCE.

Synthesis of xLCEs with Different Actuation Modes
The reversible elongation actuation mode was obtained by
stretching the xLCE film uniaxially to 30% strain and fixing it
with Teflon tapes. The fixed film was heated at 160 °C for 2 h to
allow dynamic reactions to occur. After annealing at 100 °C, the
monodomain xLCE with reversible elongation actuation mode
was acquired.

The reversible bending actuation mode was obtained by
coating the black ink on the surface of the monodomain xLCE
to form a bilayer structure. Owing to the constraints of the
rigid black ink layer (passive layer), the actuator exhibited
bending actuation upon heating.

The reversible spiraling actuation mode was achieved by
reprogramming the monodomain xLCE with elongation actu-
ation mode. The xLCE film was winded around a Teflon tube
for several circles and fixed by Teflon tapes. The following
procedures were the same as those used in preparing the
xLCE with elongation motion.

RESULTS AND DISCUSSION

Swelling experiments of the xLCE were conducted and the gel
fraction was 97%, indicating sufficient cross-linking in the xLCE
(Fig. S3 in ESI). Fourier transform infrared (FTIR) spectra show
that epoxy groups (912 cm™) are totally converted, indicating
the xLCE materials were fully cross-linked (Fig. 1c and Fig. S4 in
ESI). According to the differential scanning calorimetry (DSC)
curve of the xLCE, the glass transition temperature (Ty) and the
isotropic transition temperature (T;) were approximately 34 and
78 °C, respectively (Fig. 1d). In addition, the thermal stabilities of
the sample were characterized by thermogravimetric analysis
(TGA, Fig. S5 in ESI). The decomposition temperature (Ty), i.e.,
the onset of decomposition (1% weight loss) for the samples
under an air and nitrogen atmosphere was about 262 and 271
°C, respectively.
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Fig. 1 Synthesis and characterizations of the polydomain xLCE: (a) the synthesis route to the polydomain xLCE; (b) The cross-linking structure of
the polydomain xLCE-DHMS; (c) FTIR spectra of the monomer (DGE-DHMS) and crosslinked xLCE; (d) DCS curve of the polydomain xLCE; (e) Stress
relaxation curves of the xLCE at varying temperatures, showing its intrinsic dynamic property; (f) The Arrhenius plot and corresponding fitting
lines derived from stress relaxation data of the xLCE.

Shear stress relaxation experiments were measured within stress relaxation modulus. The time required for this relax-
the linear viscoelastic region of xLCE samples between T; and ation is defined as relaxation time 7. As shown in Fig. 1(e), the
T4 until the samples had relaxed to below 1/e of the initial higher the temperature, the faster the stress relaxation for the
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samples, and the shorter the relaxation time 7", indicating the
activation of transesterifications at high temperatures and the
rearrangement of the xLCE network topology. Relaxation
times 7° follows an Arrhenius law at temperatures above T,.
Fig. 1(f) indicated the Arrhenius plot and corresponding fit-
ting lines derived from stress relaxation data of the xLCE. The
T, value of the samples were determined using the Maxwell
equation according to the method previously reported.i33!
Therefore, the T, value of the xLCE was calculated to be 108
°C. Moreover, the mechanical properties of the xLCE were
characterized based on stress-strain tests (Fig. S6 in ESI).

In this study, various locked shapes of one single mon-
odomain xLCE were modulated by controlling the cooling
rates. Water and silicone oil were employed as the mediums,
and elongation strains of monodomain xLCE samples with re-
versible elongation mode were investigated. Specifically, the
monodomain xLCE samples were heated to 100 °C (above the
T)), resulting in the xLCEs being at their shortest length. These
samples were then quickly transferred into water or silicone
oil with various initial temperatures. Their corresponding
equilibrium elongation strains were measured when the
mediums (water or silicone oil) cooled to room temperature,
demonstrating different cooling rates. The calculation of the
elongation strain can be found in ESI. The results are present-
ed in Fig. 2(a). Regardless of water or oil, the elongation
strains of the xLCE show a positive correlation with tempera-
tures. In other words, the higher the initial temperature of the
mediums, the higher the elongation strain of the xLCE sam-
ple. The reason is that these elongation strains depended on
the natural cooling rates of the two mediums. Since the cool-
ing rate of water is faster than that of silicone oil, the mon-
odomain XLCE cooled in water shows a smaller elongation
strain compared to the one cooled in silicone oil.

Different cooling rates were established to facilitate the
subsequent analysis of the identical xLCE sample. We tested
the temperature curves over time from 100 °C to room tem-
perature under water and silicone oil mediums (Fig. S7 in ESI).
The curves showed that their cooling rates are not constant
values. Therefore, three cooling rates (fast, medium, and slow
cooling rate) were applied by utilizing the water with initial
temperatures of 100, 60 and 0 °C, respectively. As described in
Fig. 2(b), diverse locked elongation shapes of one xLCE with
three different cooling rates were recorded at room tempera-
ture, namely mono-fast, mono-medium, and mono-slow, re-
spectively. Correlating with Fig. 2(a), it was evident that the
elongation strains of the xLCE subjected to fast, medium, and
slow cooling were 4%, 49%, and 98%, respectively. Further-
more, the locked shape upon the same cooling rate would be
affected by the thickness of the sample. As shown in Fig. S8
(in ESI), the thicker sample (0.33-mm-thickness) exhibits a
larger elongation strain compared to the thinner sample
(0.12-mm-thickness) under a medium cooling rate.

Moreover, the liquid crystal-isotropic transition of the xLCE
is a first-order phase transition and is temperature-depen-
dent as mentioned above. When the actuated shape under-
went fast cooling from an elevated temperature, the phase
transition would be delayed, resulting in the xLCE remaining
in an isotropic phase to lock the actuated contraction defor-
mation, which was demonstrated by the mono-fast sample.
Conversely, a slow cooling rate enabled nearly full recovery of
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Fig. 2  Various locked shapes of one monodomain xLCE with
reversible elongation mode were modulated by controlling the
cooling rates: (a) Relationship of the elongation strain of the xLCE
and the initial temperature based on two cooling mediums (silicone
oil and water); (b) Schematic illustration of diverse locked
elongation shapes of the xLCE with three different cooling rates,
namely mono-fast, mono-medium, and mono-slow, respectively.
Scale bar: 10 mm

the original elongation shape, while the intermediate shape
was obtained by using a medium cooling rate, demonstrated
by mono-slow and mono-medium samples. The locked
shapes were stable at room temperature since the T, of the
epoxy XLCE was higher than room temperature.

The alignment of the polydomain, mono-fast, mono-medi-
um, and mono-slow xLCEs was confirmed via two-dimension-
al (2D) X-ray diffraction (XRD) tests (Fig. 3a). The XRD image of
the polydomain xLCE showed two uniform rings, suggesting
no orientational bias in either wide-angle (nematic) or small-
angle (smectic) scattering. The XRD patterns of the mon-
odomain xLCEs subjected to different cooling rates indicated
that slower cooling rates corresponded to more pronounced
diffraction ring splitting and enhanced orientation.

Fig. 3(b) shows the Azimuthal intensity scan of XRD pat-
terns from the abovementioned samples. It was obvious that
diffraction intensity peaks just appeared in the monodomain
xLCEs. Similarly, the slower the cooling rate, the stronger the
diffraction intensity. The orientational (nematic) order param-
eters of mono-fast, mono-medium, and mono-slow xLCEs
were calculated to be 0.28, 0.68 and 0.80, respectively (the de-
tails can be found in the ESI). In conjunction with the previ-
ously mentioned elongation strain data, it was observed that
the orientation degrees and the elongation strains of xLCEs
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arrow denotes the aligning direction); (b) Azimuthal intensity scan of xLCEs; (c) Elongation strains and orientation degrees of xLCEs.

increased as the cooling rates decreased (Fig. 3c).

To further demonstrate the influence of the cooling rate on
the shape-locking of one single monodomain sample, we se-
lected an xLCE with bending actuation mode as an example.
Fig. 4(a) displays various locking bending deformations at
room temperature via different cooling rates. It was observed
that faster cooling rates resulted in smaller bending degrees,
whereas slower cooling rates led to larger bending degrees.
This experiment reaffirmed that controlling the temperature
of the medium can indeed regulate the degree of anisotropy
of LC mesogens, and subsequently modulate the shape
changes of the xLCE.

As mentioned above, this xLCE system was capable of re-
programming with diverse reversible actuation modes owing
to its intrinsic dynamic covalent bonds. Specifically, the xLCE
with elongation actuation mode can be readily re-aligned by
deforming the sample (e.g., spiraling) and fixing the new ori-
entation of mesogens at elevated temperatures (Fig. 4b).
Therefore, the same xLCE with new spiraling actuation mode
was obtained. Similarly, spiral shapes can be controlled by
cooling rates. Faster cooling rates yielded smaller spiraling
degrees and fewer spiral cycles, while slower ones yielded
larger spiraling degrees and more spiral cycles.

Furthermore, beyond the previously discussed cooling
methods, it was discovered that copper plates with different
thicknesses can serve as the medium with distinct cooling
rates. This enabled the modulation of elongation deforma-
tions in an identical monodomain xLCE with reversible elon-
gation motion mode. Specifically, a monodomain xLCE film
was fabricated and fixed onto a 0.01-mm-thick copper plate
using a PTFE tape (located in the center of the film). A poly-

imide strip was applied to both ends of the film to create an
arc. The copper plate was placed on a heating stage at 100 °C
(Fig. 4c-i). Upon reaching the minimum length of the xLCE
film, the heating source was removed and the copper plate
was allowed to cool to room temperature naturally. The elon-
gation length of the xLCE film controlled by a 0.01-mm-thick
copper plate and the corresponding arching height of the
polyimide strip were shown in Fig. 4(c-ii). Subsequently, vary-
ing the thickness of the copper plate (0.05 mm, 0.1 mm, 0.5
mm, T mm, 2 mm, 3 mm) to repeat the above process, it was
evident that with an increase in the thickness of the copper
plate, there was a corresponding decrease in the cooling rate,
resulting in a prolonged elongation of the xLCE and a reduc-
tion in the arching height of the strip at room temperature, as
indicated in Figs. 4(c-ii)—4(c-viii). Moreover, corresponding
elongation strains of the xLCE subjected to different cooling
rates can be calculated. As shown in Fig. S9 (in ESI), thicker
copper plates functioned as the mediums with slower cool-
ing rates, resulting in higher elongation strains of the xLCE.

CONCLUSIONS

In conclusion, we propose a strategy to regulate actuation
modes and locked shapes of xLCEs by combining dynamic co-
valent bonds with cooling-rate-mediated control. The actuation
modes, including elongating, bending, and spiraling, were pro-
grammed and reprogrammed via dynamic exchange reactions.
Based on this approach, the proposed cooling-rate-mediated
methods, which involve controlling the types of mediums (wa-
ter, oil, and copper plates) and their initial temperatures, have
effectively yielded diverse locked shapes of xLCEs. These find-
ings underscore the potential applications of xLCEs in multi-
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modal structures, thereby expanding their versatility and utility
in various fields. Meanwhile, the orientation degrees and the
elongation strains of xLCEs increased as the cooling rates de-
creased. The obtained locked shapes were robust at room tem-
perature ranges. This strategy offers a straightforward approach
to enhance the deformation diversity of xLCEs while eliminat-
ing the requirement for continuous external stimuli or energy
input to sustain shape morphing. the combination of dynamic
covalent bonds and cooling-rate-mediated control holds
promise in enabling XLCE systems with enhanced programma-
bility, controllability of motions, as well as increased adaptabili-
ty. The advantages of this strategy cater to a diverse array of ap-
plications such as artificial muscles, wearables, and bionic
robots.
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