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Abstract: Shape-changing polymeric materials have gained significant attention in the field of bioinspired soft robotics.
However, challenges remain in versatilizing the shape-morphing process to suit different tasks and environments, and in
designing systems that combine reversible actuation and self-healing ability. Here, we report halogen-bonded liquid
crystal elastomers (LCEs) that can be arbitrarily shape-programmed and that self-heal under mild thermal or
photothermal stimulation. We incorporate halogen-bond-donating diiodotetrafluorobenzene molecules as dynamic
supramolecular crosslinks into the LCEs and show that these relatively weak crosslinks are pertinent for their mechanical
programming and self-healing. Utilizing the halogen-bonded LCEs, we demonstrate proof-of-concept soft robotic
motions such as crawling and rolling with programmed velocities. Our results showcase halogen bonding as a promising,
yet unexplored tool for the preparation of smart supramolecular constructs for the development of advanced soft

~
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Introduction

During the past decade, polymeric materials that reversibly
change shape or locomote in response to external stimuli
have gained significant attention as a platform for bioins-
pired soft robotics.'"” Wireless control over material
motions induced by, e.g., light®™® or magnetic fields®""
enables the miniaturization of robotic constructs, which in
combination with the synthetic versatility and compliance of
polymeric materials have yielded demonstrations on respon-
sive-material-based robots that navigate in complex environ-
ments, self-adapt, and make simple decisions
autonomously.”'” Two key features for boosting stimuli-
responsive polymers in constructing advanced shape-chang-
ing soft material systems are versatile programming over
material motions to adjust the specific form of deformation
for the needs of different tasks and environments, and the
ability to self-heal upon damage. Novel material designs
able to meet these requirements under mild stimulation are
in continuous demand.
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In terms of obtaining programmable shape changes,
liquid crystal elastomers (LCEs) are particularly promising
due to facile control over the alignment of the LC mesogens
during polymerization and large, anisotropic, and reversible
stimuli-induced strains within the loosely crosslinked
network.> 1 As a result, advanced functionalities such as
biomimetic shape-morphing, cilia-like fluidic pumping, and
butterfly wing-like oscillation, have been recently
demonstrated."”™ Self-healing LCE formulations have also
been reported.'®®?! This characteristic requires the incor-
poration of dynamic bonds into LCE design, which can be
obtained using, e.g., hydrogen bonds, disulfide bonds, ester
bonds, and others.?*?'%¥] However, a common problem
with the examples demonstrated is the relatively low
exchange rate of the dynamic bonds used, which leads to
high stability at ambient conditions and compromises the
dynamic behavior. Consequently, high operation temper-
atures are often required to facilitate bond exchange. There
is a need to incorporate weak supramolecular bonds into
LCEs, to facilitate the programmability in shape-morphing
and self-healing capacity.

Looking at the toolbox of supramolecular interactions,
halogen bonding (XB) stands out due to its several
attractive features in the context of dynamic functional
materials design.’’>? It is a relatively weak, yet highly
directional interaction between a positively charged region
on a halogen atom attached to an electron-withdrawing
group and a Lewis base.”*! XB has been extensively used
in supramolecular crystal engineering and molecular recog-
nition studies,®" and its use has recently expanded
towards polymer sciences and materials engineering.” To
mention but a few potential prospects, the hydrophobic
nature of XB enables the fabrication of passivated, mois-
ture-stable perovskite solar cells,”* and the large size of
the bond-donating halogen atoms promote persistently
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phosphorescence emission in all-organic materials.*" In
the context of polymers, demonstrations on halogen-bonded
supramolecular networks with intrinsic self-healing ability™!
and thermoresponsive shape memory behavior triggered by
body temperature™®! prompted us to hypothesize that when
incorporated as dynamic crosslinks into LCEs, XB could
provide a new supramolecular tool for the design of
programmable, self-healing responsive-material-based ac-
tuators.

Herein, we verify the above hypothesis and present
halogen-bonded, shape-programmable LCEs that can self-
heal under mild temperature stimulation. The material
design combines weak XB crosslinks and stronger (yet still
dynamic) disulfide-containing crosslinks in an anisotropic
LCE. The weak and strong crosslinks together yield the
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desired mechanical properties to promote self-healing and
mechanical programming through reversibly breaking the
XB crosslinks, and reversible actuation in response to
temperature and light stimuli. As proof-of-concept robotic
demonstrations, we devise shape-programmed walking and
rolling robots from the XB-based LCEs.

Results and Discussion

The design concept of the XB-based LCE actuator is
illustrated in Figure 1. We use the Aza-Michael addition
reaction between RM&2, a standard diacrylate mesogen, and
two different amines, to prepare chain-extended, main-chain
LCEs."“1 Therein, cystamine (1) serves as a dynamic

O\/\/\/\oﬂ\/

ey ol

i i RM82 )
NYH’\/S“SNHNZ \rsl.|’\~/\NHj Fﬁ*:
Q8] 2) X=FCl,Brorl
Chain-extender Dn
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Figure 1. The Material Design Concept. (a) Schematic representation of the halogen bond. (b) The chemical composition and preparation process
of the halogen-bond-based LCE and schematic representation of the corresponding supramolecular network.
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covalent crosslinker which, due to its strong absorption in
the near-UV region, also allows for photothermal activation
of the LCE.™ Whereas the disulfide exchange reaction can
also promote self-healing, the process requires relatively
high temperatures, and below 80°C, 1 behaves essentially as
permanent crosslinks, 264!

Halogen bonding takes place between the electron-
deficient area (the o-hole) of a polarizable halogen atom
(typically I, Br) and a Lewis base (Figure 1a).”** Herein,
we used 1,4-diiodotetrafluorobenzene (denoted as D, y), a
common difunctional XB donor, and complexed with N,N-
dimethylamino-propylamine (2) that was used as an XB-
accepting chain extender, to yield dynamic supramolecular
crosslinks within the stimuli-responsive LCE network (Fig-
ure 1b). According to density functional theory (DFT)
calculations (PEBPEB/6-311+ + G (d,p) level of theory for
all atoms except iodine, for which 6-311G (d,p) was used;
see Supporting Information for further details), the stabiliza-
tion energy between D, , and N,N-dimethylamino acceptor
is ca. —5.5 kcalmol™', which is in the same range as for more
commonly used pyridine acceptors.”'*? Herein, N,N-dimeth-
ylaminobutane (3) was used as a substitute for 2 to exclude
the potential influence of non-polymerized -NH, groups on
the XB formation. Based on our previous work® we
anticipate that the XB-based dynamic crosslinks enable
tuning of the material stiffness, which is crucial for self-
healing and programmability under mild conditions.®

Unless otherwise stated, the Aza-Michael addition
reaction was conducted with a mixture containing RMS82, 1,
2, and D, 4 in a ratio of 10:3:4:2, i.e., a fixed 2:1 ratio
between the N,N-dimethylamino XB acceptors and per-
fluorinated XB donors, as well as acrylate and amine groups
taking part in the chain extension reaction, was used. The
resulting elastomer network is denoted as LCE-D,,. To
verify the role of XB, D, was replaced with several
perfluorinated analogues (Figure S1) to study the mechan-
ical properties of corresponding elastomer networks with
varying interaction strength (Figures S2a—e) with the N,N-
dimethylamino acceptor: 3Dy, (—5.5 kcalmol™) >3-D g,
(—2.9 kcalmol™) >3-D, 4 (—0.4 kcalmol™) >3-D, 4 (not
detected).® Substitution with electronegative fluorine
atoms plays an important role in strengthening the XB-
donating ability of D, (as well as D, p,; due to the low
polarizability of chlorine atoms, the XB strength for D, ¢ is
negligible), yielding a more positive potential of the o-holes
as compared to non-perfluorinated analogues.F! D, , acts as
a nonbonding reference molecule, as F can act as an XB
donor only in connection with particularly strong electron-
withdrawing groups.”

In addition to DFT calculations, the XB formation
between dimethylamino and the XB donors was studied
with Raman spectroscopy on both the LCEs (e.g. LCE-D, 4)
and non-polymerized 2:1 mixtures of the XB donors with
N,N-dimethylaminobutane (3) (e.g. 3-D,4). The signal
characteristic of uncomplexed C—X bond is located at 100-
400 cm ™' and red shifts upon XB formation.”>** As shown in
Figure 2a and Figure S3, both 3-D,, and LCE-D,, show
clear red shifts compared to plain D, implying a weaker
C—I bond force constant due to the n—oc* nature of the I.-N
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interaction.’” The red shift is larger in LCE-D, 4 compared
to 3-D, 4, implying that other physical interactions occurring
in the polymer network that are not present in the small-
molecule complex may strengthen the XB interaction.
Conversely, complexes bearing D 4z, D) 4¢;, or Dy 4 (Figur-
es S4-S6) exhibited no C—X frequency shifts compared to
the corresponding uncomplexed donors, indicating no XB
formation.

We next explored the thermodynamic and mechanical
properties of the LCEs. The glass transition temperature
(T,) of the elastomer networks containing different donors
ranges from —8 to 1°C, as measured using differential
scanning calorimetry (DSC; Figure 2b, Figures S7a-d, Ta-
ble 1). LCE-D,, exhibited the highest 7, of 1°C, which
could be expected due to the presence of the I--N bonds. In
contrast, LCE-D; 45,, LCE-D 4, and LCE-D, 4 all had T,
values around —8°C, indicating higher chain flexibility. The
mechanical properties were probed via uniaxial stretching of
corresponding LCE strips (16x2x0.5 mm®), as exemplified in
Figure 2c. LCE-D;, has an elastic modulus of 3.8 MPa,
tensile strength of 2.6 MPa, and fracture strain of 251 %.
LCE-D, 4z,, LCE-D, 4, and LCE-D, 4 were softer at room
temperature and had low tensile strengths, while the fracture
strains remained above 200 % (Table 1), indicating that the
presence of XB led to an increase in both elastic modulus
and tensile strength. We also compared the mechanical
properties at room temperature and 50°C. Figures S8a—d
indicate that all LCEs became soft upon heating, leading to
a decrease in elastic modulus, tensile strength, and fracture
strain. However, the temperature-induced decrease in the
elastic modulus (from 3.4 MPa to 0.7 MPa) is much more
pronounced in LCE-D;4 compared to the other LCEs,
implying that at this temperature, a large fraction of halogen
bonds are broken.

We also conducted dynamic mechanical analysis (DMA)
for the LCEs (16x2x0.5 mm?®) to characterize their dynamic
viscoelastic properties (Figure 2d). The thermogram shows
that the storage modulus (E’) inflection points and loss
tangent (tand) peak maximum occur at around 35°C for
LCE-D,4 and range from 8-13°C for the other LCEs
studied. This difference again points towards the role of XB
in altering the thermomechanical properties of the networks.
The o-relaxation transition of the LCEs without XB
occurred at lower temperatures than for LCE-D;,, and a
decrease in E’ observed in the rubbery plateau region can be
attributed to weak physical crosslinking that does not
involve halogen bonds.”™ As the temperature increased, the

Table 1: Mechanical properties and glass transition temperature (T,)
of XB elastomers. The elastic moduli (Ey), tensile strengths (c,,,), and
fracture strains (€,,) have been obtained by averaging over three

different samples.

Code Ey (MPa) o, (MPa) € (%) T, (°C)
LCE-D, 3402 2.6+0.5 2514217 1
LCE-Dys  1.4+0.2 1.84+0.3 228+16 -7
LCE-Dysq  0.8+0.1 13404 217+£16 -7
LCE-D 4 1.840.3 1.840.3 228+22 -8
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Figure 2. Materials Characterization. (a) Raman spectrum of D, 4, 3, 3D, and LCE-D, 4, indicating a red shift of the C—I stretching band due to
XB formation. (b) DSC curves, (c) stress-strain curves, and (d) DMA curves of storage modulus (E’) and loss tangent (tand) as a function of
temperature, of the LCEs studied. The DSC data is taken from the second cooling cycle at a heating/cooling rate of 10°C/min. The DMA curves for
LCE-D; 4¢ could only be measured up to 60°C above which the samples became overly soft. (e) FTIR spectra of LCE-D , upon heating from 25 to

85°C (interval: 10°C).

materials entered the viscoelastic flow region, where an
increase in tand and a decrease in E’ indicated the onset of
the melting transition of the liquid crystalline region. We
note that based on the Raman analysis as well as the DSC
data, only LCE-D,, forms a halogen-bonded network.
Hence the minor differences observed in the mechanical
properties of the other three samples are likely to arise from
differences in nonspecific intermolecular interactions and
molecular packing, not from XB.

We verified that XB can be opened under moderate
heating using temperature-dependent fourier transform
infrared (FTIR) spectroscopy (Figure 2e, Figures S9a-d, and
Figures S10a-d). The C-N stretch of the N,N-dimeth-
ylamino group is located in the absorption range of 1100-
1300 cm ™! (Figures S9a—-d).”” The stretching vibration peaks
at 1161 cm™' and 1251 cm ™' remained unaffected up to 45°C,
after which the peaks shifted to lower wavenumbers, to
1159 cm™ and 1248 cm™, respectively (Figure 2¢).1) The
peak shift was only observed for LCE-D, 4 and is absent for
other donors (Figures S10a—d). This attests that at temper-
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atures below ca. 55°C, the majority of XB crosslinks retain,
forming a supramolecular network that ensures the materi-
al‘s mechanical stability. Above this temperature, the XBs
are gradually broken, which, as will be shown, allows for
self-healing and shape programming that is fixed upon
cooling due to the thermo-reversibility of the XBs.

Based on the above results, we conclude that all two-
component donor-acceptor polymers, except LCE-D,, are
mechanically weak and possess rather similar tensile
strength profiles, making them unsuitable for actuator
applications. The [--N XB increases the mechanical strength
of the elastomer networks, and LCE-D,, combines a
relatively high modulus and fracture strain. Therefore, only
LCE-D,4 is used in further experiments on reversible
actuation and self-healing.

The LCE-D,, is in an isotropic polydomain state (Fig-
ure 3a) after photopolymerization (see Supporting Informa-
tion for polymerization details), as confirmed by lack of
contrast during sample rotation in polarized optical micro-
graphs (Figure S12). Upon uniaxial stretching (100 %), the

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Thermal and photothermal actuation of LCE-D; 4. (a) Schematic illustration of the actuation of LCE-D; 4. The film is initially in an

isotropic, polydomain state, but gets uniaxially aligned upon stretching.

Upon heating, the uniaxial alignment is gradually lost, causing reversible

contraction along the stretching direction upon heating. (b) Polarized optical micrographs of the stretched LCE-D, , at 0° and 45° angles between
the molecular director and the polarizer/analyzer, attesting uniaxial molecular alignment. (c) Photographs of photothermal actuation of the LCE-

D, 4 under mechanical load (365 nm, 1000 mWcm?). (d) 1D azimuthal

scan profiles for the LCE-D, 4 strip. Insets: 2D WAXS patterns of the LCE-

D, 4 strip before and after stretching (100%). (e) Photoinduced contraction of LCE-D, ,, under different loads and using different light intensities.
(f) Light-induced temperature elevation of the LCE-D, , film. Light: 365 nm. (g) Contraction under uniform heating. In (e) and (g), L, stands for the

initial length (after stretching) and L is the contracted length under light irradiation (Figure S11).

film becomes strongly anisotropic as the LC mesogens align
along the stretching direction (see Figure 3b for POM
images). When the stretched monodomain film is heated,
the molecular order is lost, resulting in a large uniaxial
contraction (60 % upon heating to 80°C). Upon cooling, the
molecular order is retained, and the film restores its original
length. Since the disulfide-containing crosslinks absorb at
365 nm, the contraction can be reversibly controlled with
light via photothermal heating, as shown in Figure 3c and
Supplementary Movie 1.

The anisotropic molecular orientation of LCE-D,, was
studied with wide-angle X-ray scattering (WAXS; Fig-
ure 3d). The ring-shaped isotropic WAXS pattern and
featureless scattering curve before stretching confirm the
random molecular orientation. After stretching, the mono-
domain molecular alignment results in strong scattering
peaks perpendicular to the stretching direction, suggesting a
high degree of orientational ordering during stretching.**!!
The order parameter of the stretched LCE-D,, was

Angew. Chem. Int. Ed. 2023, 62, €202309402 (5 of 10)

Loriginal is the initial length before stretching.

deduced using the Hermans-Stein orientation distribution
function,'” yielding a value of 0.66 upon 100 % stretching.
The WAXS patterns at elevated temperatures confirm the
gradual loss of molecular alignment (rather than distinct,
well-defined order-to-disorder phase transition), yielding
order parameters of 0.6, 0.54, and 0.43 at 50, 75, and 100°C,
respectively (Figures S13a—c). The corresponding scattering
peak was found at 1.4 A~!, indicating an intermolecular
distance of neighbouring mesogens of ca. 4.5 A (Fig-
ure S13d). The aligned LCE-D, 4 film also exhibits two spots
at small-angle regions (Figure S13e) perpendicular to the
arcs in the wide-angle region, suggesting the formation of
smectic layers upon stretching with a layer thickness of ca.
5 nm (Figure S13d).1”!

The actuation performance of the stretched LCE-D, 4
was further investigated by applying a load on the film and
measuring its contraction as a function of light intensity and
temperature. The photocontraction was driven by photo-
thermal heating (Figure S14) and was hence strongly light-

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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intensity-dependent (Figure 3e): at 1100 mWcm ™, the sur-
face temperature reached 108°C (Figure 3f) and the
obtained contraction was 65 %, 55 %, 50 %, and 35 % when
applying a load of 7, 20, 40, and 45 kPa, respectively. The
photocontraction is reversible although fatigue could be
observed after tens of irradiation cycles due to the relatively
high light intensity used (Figure S15). Upon heating with no
external load, LCE-D, yields 100 % contraction at 90°C
due to the reduced molecular alignment order (Figure 3g).

We next investigated the self-healing properties of LCE-
D, 4. The healing indeed took place under moderate heating
and without applying external pressure; it was enough that
the cut parts were placed in contact under appropriate
conditions (typically 80°C for 5min). To understand the
role of XB in self-healing, we conducted several control
experiments, varying the ratio between the disulfide and XB
crosslinks (Figures S16a—d). For an LCE containing only the
disulfide crosslinks (RM82:1:2:D, 4 ratio 10:5:0:0), the
healing (80°C for 5 min without applying external pressure)
was practically non-existent due to a high density of covalent
crosslinks and the absence of the dynamic supramolecular
bonds. On the other hand, if the LCE contained XB
crosslinks (RMS82:1:2:D,;,; ratio 10:0:10:5) only, the
sample was mechanically weak and too soft to be handled
and manipulated. Hence, a combination of both types of
crosslinks was needed to necessitate self-healing. By dou-
bling the number of XB crosslinks (RM82:1:2:D,, ratio
10:1:8:4), the healing was even more efficient than for the
LCE-D, 4 (Figure Sl6c) due to which this ratio was chosen
for further characterization.

The self-healing under mild stimulation is illustrated in
Figure 4a, showing that two cut pieces of an LCE strip with
XB crosslinks could be connected by keeping them in
contact for 5min at 80°C. The healed sample can be
stretched up to 300 % without rupture, and it maintains its
actuation performance. Under 40 kPa loading, the healed
sample reversibly contracts by 40% under 365 nm,
1000 mWcm? irradiation (Figure 4b, Supplementary Mov-
ie 2). Figures 4c and d depict the representative stress-strain
curves and healing efficiency for samples healed at different
temperatures. Increasing the temperature (while keeping
the healing time fixed at 5 min) enhances the fracture strain
of the healed sample, the healing efficiency being 22 % at
40°C and 60 % at 110°C. The difference in healing efficiency
at 110°C compared to 80°C was minute, possibly because
most halogen bonds were already broken at 80°C. As shown
in Figures4e and f, at 80°C 60% a healing efficiency is
reached within 5min and was not further improved by
prolonged healing time.

The self-healing can also be induced with light via
photothermal heating (Figure 4g and Figure S17, Supple-
mentary Movie 3). After cutting the LCE and bringing the
fractured surfaces into contact, we exposed them to 365 nm
irradiation (600 mW cm?) for 5 min, yielding a temperature
increase close to 80°C (Figure 3f). The healing efficiency
was close to 50 %, and the sample could be stretched up to
200 % without breaking. We also speculated that the hydro-
phobicity of the halogen bond could yield self-healing
induced by hot water, which prompted us to put two cut
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pieces of LCE in contact in an 80°C hot water bath for
5 min. The underwater self-healing was moderate, but even
in this case, the sample could be stretched up to 130 %
without breaking. The reduced healing efficiency in hot
water is ascribed to the decrease of physical contact between
two cut surfaces because of the presence of water between
them.

Our findings indicate that XB plays a crucial role in
material healing for two reasons: (1)it can modulate the
mechanical properties of the material (Figures S16a and
S16b); (2) it is a dynamic bond that breaks upon moderate
heating. The hypothesized healing mechanism of LCE-D, 4
is shown in Figure S18, where the dynamic bonds open as
the temperature rises and reassemble as the temperature
decreases. The LCE-D,, exhibits stable and reversible
actuation performance after cutting and healing (Fig-
ure S19).

Figure 2e indicates that the halogen bonds gradually
break at ca. 55°C. Hence, we postulate that above this
temperature, LCE-D, 4 can be programmed to adapt differ-
ent shapes which can then be reversibly actuated. This is
demonstrated in Figure 5a, which presents six differently
shaped LCEs obtained by mechanically deforming them at
55°C and subsequently cooling them to room temperature.
After cooling, the samples were left to equilibrate for 3 days
under ambient conditions, after which they were indeed
reversibly transformed between the programmed shape and
the initial shape through heat stimulus (Figure 5a), i.e., they
underwent a two-way shape-memory effect.”® Due to the
weak supramolecular bonds used, the shape programming
does not necessitate high temperatures, rendering it rather
unique among the shape-programmable LCEs.”"! We note
that the long equilibration time is critical for the reversible
actuation, presumably to allow the dynamic halogen bonds
to undergo multiple reorganizations. If the LCE-D,4 is
shape-programmed and actuated without equilibration, it
exhibits an irreversible, one-way shape memory effect (Fig-
ure S20).

The prolonged equilibration period for reversible shape
change can be attributed to factors such as the need to
eliminate initial non-uniformities or stresses, as observed in
some LCEs." When LCE-D,, is subjected to stretching at
an elevated temperature, the dynamic halogen bonds are
disrupted, creating internal stresses within the material upon
cooling. These initial stresses gradually equilibrate, leading
to slow contraction of the LCE strip over several days
(Figure S21a). XB disruption and reformation are evident in
FTIR data (Figure S21b). Immediately after stretching and
cooling, the N,N-dimethylamino group‘s stretching vibration
peak is at 1249 cm™', indicating no halogen bonding (cf.
Figure 2e). Over several days, this peak shifts to 1251 cm ™,
signifying gradual XB reformation and strengthening of the
XB crosslinks (Figure S21c). Notably, without halogen
bonds (LCE-D, 4z, LCE-D;,q, LCE-D,4), no reversible
actuation is achieved even after extended equilibration.
Mechanical testing and Raman analysis of samples equili-
brated for different times reveal that LCE-D;, has a
fracture strain of only 48 % immediately after stretching and
cooling due to the absence of dynamic XB crosslinks and
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Figure 4. Self-healing of the halogen-bond-crosslinked LCEs. (a) Photographs of the self-healing process of two LCE segments bearing XB
crosslinks. After self-healing, the LCE could be stretched > 3009 without rupture. Sample dimensions: 20x1.0x0.5 mm®. (b) Photographs of
photothermal actuation after self-healing (365 nm, 1000 mW cm™?). Sample dimensions: 40x1.0x0.5 mm’. (c) Tensile stress-strain curves of the
original LCE strip and the strip healed at different temperatures and (d) corresponding healing efficiencies. (e) Tensile stress-strain curves of the
original LCE strip and the strips healed for different times at 80°C, and (f) corresponding healing efficiencies. (g) Photograph of the light-induced
self-healing process (365 nm, 600 m\W cm ). After healing, the LCE strip could be stretched 200% without rupture. Sample dimensions:
20x1.0x0.5 mm?®. (h) Photograph of the self-healing taking place in a hot bath (80°C water). After healing, the LCE strip could be stretched 130%
without rupture. Sample dimensions: 20x1.0x0.5 mm?®. All the error bars in the Figure indicate the standard deviation for n=3 measurements.

the presence of only covalent disulfide crosslinks. Over
3 days, the reformation of XB crosslinks increases the
fracture strain to >100%. In contrast, LCE-D, 4 control
(lacking XB interactions) does not exhibit the XB-induced
shift in the stretching vibration peak of the N,N-dimeth-
ylamino group and experiences a decreasing Young’s
modulus over time (Figure S22b). The role of XB is further
supported by Raman analysis (Figure S22c), showing that
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with increasing equilibration time, XBs gradually form and
the Raman peak red shifts. These data confirm the essential
role that XB plays in the reorganization and equilibration
process needed for reversible actuation.

The shape-programmable, reversible (photo)actuation
can be used for demonstrating different kinds of soft robotic
motions. Figure 5A iii presents a twisted spring of LCE-D, 4
which can act as an artificial filament to provide muscle-like
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dimension: 24x1x0.4 mm®. (d) Color map summarizing the speed upon different temperatures and twist numbers.

contraction. Herein, we integrate this filament between a
bent plastic to create a light-controlled walking robot with
reversible body bending. As illustrated in Figure 5b and
Supplementary Movie 4, the structure moves on a flat glass
substrate over one body length (4 cm) in 20 min under cyclic
light irradiation (Figure S23), driven by the asymmetry of
the frictional forces in the forward and backward directions
(Figure S24). The twisted LCE-D,, also exhibits autono-
mous rolling motion on a hot plate set at 95°C (Figure 5c
and Supplementary Movie 5). The motion is driven by
contraction of the twisted LCE strip that is in contact with
the hot plate, causing rotation, after which the contracted
parts cool down and expand while the rest parts of the LCE
are exposed to heat, leading to self-propelled, zero-energy-
mode deformation fueled by the thermal gradient.” By
controlling the degree of twisting during the shape program-
ming, the rolling speed can be tuned (Figure 5d): The larger
the twisting angle, the faster the rolling speed. At a fixed
twisting angle, the rolling speed gradually increases with the
hot plate temperature. The self-sustained rolling can be
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retained in a self-healed LCE (Figure S25 and Supplemen-
tary Movie 6), indicating the utility of XB not only in shape
programming at low temperatures and reversible actuation
for soft robotic motions but also in retaining these motions
after repair from damage. These findings point to an
important materials design direction for dynamic soft
actuators, in which halogen bonding will have lots to offer.

Conclusion

We present arbitrarily shape-programmable and self-healing
liquid crystal elastomers (LCEs) driven by halogen bonding,
a non-covalent interaction that can be considered as the
weaker and more directional counterpart of (single) hydro-
gen bonding.® Due to weak and dynamic I--N crosslinks
incorporated into the LCE, mild temperature stimulation
suffices to break the bonds, which is critical for facile shape-
programming and self-healing. We employ 1,4-diiodotetra-
fluorobenzene as the optimal bifunctional halogen-bond
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donor and show that when it is replaced with weaker
halogen-bond donors (e.g. 1,4-dibromotetrafluorobenzene)
or non-bonding perfluorobenzenes (hexafluorobenzene), the
shape-programming and self-healing properties are lost. We
demonstrate the proof-of-concept robotic motions such as
photothermally driven locomotion under pulsed irradiation
and self-sustained rolling driven by thermal gradient, taking
place both before and after healing. Our results highlight
the promise of halogen bonding as a design tool for
dynamically programmable soft actuators.
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