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Abstract: Shape-switching behavior, where a transient stimulus
induces an indefinitely stable deformation that can be recovered on
exposure to another transient stimulus, is critical to building smart
structures from responsive polymers as continue power is not needed
to maintain deformations. Here, we 4D-print shape-switching liquid
crystalline elastomers (LCEs) functionalized with supramolecular
crosslinks, dynamic covalent crosslinks and azobenzene. The salient
property of shape-switching LCEs is that light induces long-lived,
deformation that can be recovered on-demand by heating. UV-light
isomerizes azobenzene from trans to cis, and temporarily breaks the
supramolecular crosslinks, resulting in a programmed deformation.
After UV, the shape-switching LCEs fix more than 90% of the
deformation over 3 days by the reformed supramolecular crosslinks.
Using the shape-switching properties, we print Braille-like actuators
that can be photoswitched to display different letters. This new class
of photoswitchable actuators may impact applications such as
deployable devices where continuous application of power is
impractical.

Introduction

Four-dimensional (4D) printing is a manufacturing technology
that originates from the integration of three-dimensional (3D)
printing and stimuli-responsive materials.'! 4D-printed structures
are capable of morphing from one shape to another in response
to an environmental stimulus, such as moisture,” magnetic
field,®! heat, and light.®! These morphing structures may enable
a wide variety of intelligent devices from soft robots® € to
morphing biomedical devices."! 4D printed objects can be
designed to exhibit irreversible or reversible shape-morphing. For
example, shape memory polymers (SMPs) can be printed such
that a stimulus triggers an irreversible shape change.l5 8
Hydrogels can be printed such that a stimulus triggers reversible
shape change.?®! In both classes of materials, the printing
process itself can be used to encode the shape morphing

behavior. However, neither of these strategies can be used to
create shape-switching structures, where a stimulus triggers a
shape change that persists indefinitely after removal of the
stimulus but where the initial form can be recovered by a second
stimulus without requiring mechanical intervention. The inability to
induce shape switching (i.e., to “latch” a shape-changing material)
is a well-known limitation in disparate classes of actuators, from
the polymers described above to shape memory alloys.®!
Applications of 4D printed structures would be greatly expanded
by shape-switching behavior as power is not required to maintain
the deformed shape. As no class of 4D-printable materials
exhibits programmable and large strain shape-switching behavior,
the design of such a material will require integration of concepts
from a variety of shape-changing materials.

Liquid crystal elastomers (LCEs)'” are a class of shape-
changing materials capable of large-scale, reversible
deformations that make them compelling for numerous potential
applications such as soft robots,['"! artificial muscles!'? and
deployable devices.!"® Unlike hydrogels or SMPs, LCEs require
neither aqueous environments nor external loads to undergo
reversible shape change. To achieve reversible deformations in
the absence of a load, mesogen alignment should be obtained
prior to network crosslinking. Traditionally, mesogen alignment is
obtained by mechanically stretching a gel,l'¥ aligning the
monomer solution via interactions with surfaces,[" or applied
magnetic fields.['®! Crosslinking of the polymer network fixes the
mesogen alignment, resulting in a shape-changing LCE. Recently,
4D printing has been applied to control mesogen alignment that
enables 3D shape-morphing LCE architectures.l'”? In these
morphing LCE structures, shape varies continuously with
temperature, and as such, continuous energy is needed to
maintain a shape change. To address this issue, Lewis and
coworkers demonstrated 3D printable and reconfigurable LCEs
capable of being locked-in on demand in response to optical
stimulus, allowing complex actuated states to be permanently
maintained.['® However, these LCEs lack the ability to be



repeatedly switched between locked-in and shape-changing
states.

Azobenzene-functionalized LCEs (ALCEs) are
photoresponsive  materials where isomerization of the
azobenzene moieties can be triggered to provide spatiotemporal
control of shape-morphing by light.[' These materials have been
designed to undergo light-fueled shape morphing such as
bending,? rolling,?"! walking,?? swimming,[''® 23 oscillating,?4]
twisting,['® 2°1 and making waves.?®! These light-triggered
deformations are governed by the reversible trans-cis
photoisomerization of azobenzene and the resulting decrease of
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order in the LCE. However, for this type of ALCEs, only short-lived
(< 24 h)?7l deformations can be achieved during the first several
hours after photo-irradiation, owing to the spontaneous relaxation
of cis-isomer of azobenzene over time. In end use
implementations, the short-lived cis-isomer of azobenzene will
limit utility or require constant/multiple energy expenditure to
maintain a desired shape. Recently, fluorinated azobenzenel?®!
and hydrazone photoswitches??®! have been introduced into LCEs
to achieve shape-switching behavior. We foresee orthogonal
approaches to engineer shape-switching behavior that do not rely
on changing the chromophore chemistry.
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Figure 1. a) Chemical architecture of the dynamic covalent/supramolecular LCE. b) Dynamic feature of two types of reversible bonds. c) lllustration of the extrusion
and programmed mesogen alignment of the SS-LCEs due to the dynamic DA bonds. d) Representative DSC trace of heating (rate of 10 °C min™") for SS-LCE30+20.
e) Printing path of concentric circles print pattern. f) Polarized optical micrographs showing birefringence of the printed SS-LCE30+20 sample when the printing

direction 0° (dark) and 45° (bright) to the polarizer.

We hypothesized that LCEs could be formulated where
reversible crosslinks are used to selectively decouple the shape
change of the material from the isomerization of azobenzene.
Specifically, 2-ureido-4[1H]-pyrimidinone (UPy)B has been used
to fix deformation in SMPs,®"'where self-association of the UPy
groups into dimers via quadruple hydrogen bonding results in
physical crosslinking. UPy dimers form effective physical

crosslinks due to the relatively high bonding energy (50 kJ mol)
of the dimer.3%! During the process of light-driven actuation of
ALCE, the continuous equilibrium of supramolecular interactions
of UPy dimers is expected to shift to favor dissociation in response
to the photothermal effect. Subsequently, the adaptive
rearrangement of the supramolecular crosslinks would “lock” the
shape change. This locking could prevent the spontaneous cis-



trans isomerization of azobenzene from inducing recovery of the
material. By heating the material, these reversible crosslinks
would break, and the entropic effects would drive recovery to the
original state. For entropic recovery to occur, a permanent
network is required during photoactuation. During printing, the
material must also behave as a viscous liquid. Diels-Alder
crosslinks could enable both functions if photoactuation occurs at
temperatures much lower than those used during printing. With
each of these functional moieties, a material could be reversibly
switched from one state to another and used in either state for
indefinite periods of time.

Results and Discussion
Synthesis and 3D-printing of photoswitchable LCEs

Here, we demonstrate 4D-printable ALCEs that switch
reversibly and stably from one shape to another on exposure to
light. The rationally designed, photoswitchable ALCEs were
synthesized by introducing supramolecular interactions (UPy
quadruple hydrogen bonds), reversible covalent crosslinks (furan-
maleimide Diels-Alder (DA) adducts), and azobenzene into the
same liquid crystal elastomer (Figure 1a). We refer to these
materials as shape-switching LCEs (SS-LCEs). The general
synthesis procedure for SS-LCEs is shown in Scheme S$1
(Supporting Information). First, furfuryl and hydroxyl group
functionalized oligomers were synthesized through aza-Michael
addition!'>@ between diacrylate LC mesogens (RM82 and
azobenzene) and amines (furfurylamine and 5-amino-1-pentanol)
at a stoichiometric mole ratio (1:1). In this study, the mole ratio of
RM82 over azobenzene was maintained at 9:1 for all samples,
and the amine mole ratio (furfurylamine/5-amino-1-pentanol)
varied to afford the oligomers with different amount of furfuryl and
hydroxyl groups. Then, the SS-LCEs were obtained by
functionalization with UPy via a hydroxyl-isocyanate reaction and
then crosslinking with a bismaleimide monomer (Scheme S1,
Figure S1-S8, Supporting Information) via the DA reaction. The
final products with different amount of UPy groups and DA
crosslinks are referred as SS-LCE,+, where x and y represent the
content of UPy groups and DA crosslinks respectively (for
example, SS-LCE3g+20 means that the content of UPy groups and
DA crosslinks is 30% and 20% respectively, see the Supporting
Information for detailed synthesis and samples preparation,
Scheme S1, Supporting Information).

DA crosslinks enable direct ink write printing of SS-LCEs.
Unlike other exchangeable bonds!'®: 32 incorporated in LCEs, the
furan-maleimide DA adduct is fully decoupled at relatively lower
temperatures (>110 °C).B¥ This approach is motivated by
previous work showing that incorporating DA bonds into LCEs
enables easily programmable and processable actuators.4
During printing, the materials were heated up to 130 °C and
maintained at this temperature for about 10 min to allow retro-DA
reactions and temporary de-crosslinking of the polymer network
(Figure 1b,c). The resulting linear LCEs can be extruded during
direct ink writing. As has been previously reported,'” the liquid
crystal phase orients along the print direction (Figure 1c). Upon
heating, the SS-LCE30+20 displays a glass transition temperature
(Tg) at 7 °C, a nematic-isotropic phase transition (Tni) at 58 °C and
DA decoupling (Tpa) above 110 °C, as measured by differential
scanning calorimetry (DSC) (Figure 1d, Figure S9, Supporting
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Information). Dynamic mechanical analysis supports the
identification of these transitions. Additionally, another broad
transition can be observed near 55 °C (Figure S10, Supporting
Information), which corresponds to the dissociation temperature
of the UPy dimers.B"! Upon cooling, the decoupled furan and
maleimide moieties form cycloaddition adducts and the UPy
groups associate, enabling the fixation of alignment, re-
crosslinking of the polymer network, and chemical welding
between printing filaments. To demonstrate the fixation of
programmed mesogen alignment by reversible DA bonds, we first
printed single-layer, concentric circles with a diameter of 1 mm
and a thickness of 0.25 mm (Figure 1e). The polarized optical
micrographs of the printed concentric circles show that the printed
SS-LCE film is dark when the direction of extrusion (i.e., direction
of molecular alignment) is parallel to the polarizer or analyzer, and
the film is bright when the extrusion direction is 45° to the polarizer
(Figure 1f), indicating the mesogen alignment is retained after
printing.

The effect of UPy on shape-switching behavior

To elucidate the effect of supramolecular interactions on
shape switching behavior of SS-LCEs, we first printed “flower-like”
actuators with alignment along the long axis of each petal. The
resulting structure is approximately 5 uniaxially aligned
cantilevers joined together. The composition of the SS-LCEs was
varied with different amounts of UPy groups and DA bonds.
Similarly to previously reported ALCEs,?! the printed SS-LCE
actuators undergo photocontrolled, reversible bending and
unbending deformation in response to UV (unless otherwise
stated, 365 nm UV light of 480 mW cm™2 intensity) and visible light
(450 nm, 110 mW cm™) respectively (Figure 2a,b). It is known
that upon exposure to UV light, most incident photons (up to 99%)
are absorbed within the surface layer due to the high extinction
coefficient of azobenzene moieties (about 2.0 x 10* L mol™' cm™
at 365 nm).B% Therefore, the trans-cis photoisomerization of the
azobenzene and the associated decrease in mesogen alignment
should take place primarily in the actuator surface region. As a
result, an uneven distribution of the anisotropic deformation is
formed, and bending is observed in the printed SS-LCEs.

Critically, it is found that the bending deformation of SS-LCEs
can be maintained at ambient conditions over timescales much
longer than the relaxation of the cis-isomer when UPy crosslinks
are present (Figure 2a,b). Under irradiation with UV light, the
photothermal effect heats the illuminated region above the UPy
dissociation temperature (Figure S11, Supporting Information).
On removal of the light, the cis-isomer persists for hours, but the
UPYy crosslinks reform immediately as the sample passively cools.
As a result, the photothermal effect enables the adaptive
rearrangement/reorganization of the supramolecular polymer
network to “lock” the shape change.

The effect of UPy on the shape persistence of the SS-LCE can
be quantified by monitoring the relaxation of the deformed state
after irradiation with UV light. Figure 2c compares the normalized
height (Figure S12, see Supporting Information for definition), as
measured by the tip displacement of each petal after irradiation is
complete and the sample has returned to room temperature, of
actuators with different concentrations of UPy (SS-LCEgo+20, SS-
LCE30+20 and SS-LCEg.20) over a period of 72 h. The deformation
of SS-LCEego+20 and SS-LCEazo+20 is largely retained (around
95+3% and 90+11% respectively) over 72 h, while the



deformation of SS-LCEo+20 experiences a dramatic decrease by
fixing only 23+2% of the shape change after 12 h. This very limited
shape fixing behavior is consistent with the behavior of other
ALCEs with low crosslink density.'® The recovery of the initial
state in the dark has previously been associated with the
spontaneous cis-trans isomerization over hours at room
temperature and is the expected behavior of ALCEs based on
numerous reports in the literature.®® The stark contrast between
samples with and without UPy demonstrates that the UPy
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supramolecular interactions are critical to long-term shape
persistence after irradiation. By heating the UPy containing
samples at 65 °C for 5 min, the original shape can be recovered
as the UPy crosslinks dissociate, and the polymer network
undergoes entropic recovery as dictated by the DA network. This
heating completes a single shape switching cycle, where the
actuator remains in one of two preprogrammed shapes for
indefinite time periods in the absence of applied power.
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Figure 2. a) lllustration and b) photographs showing photoswitchable deformations of a flower-like actuator printed with SS-LCEzo+20. Representative curve of
normalized height as a function of time of the printed SS-LCEs with different amount of c) UPy groups and d) DA crosslinks. All data represent an average value of
15 measurements from three samples, and all error bars are standard deviations. e) Changes in the absorption spectra of a stretch-aligned SS-LCE30+20 monodomain
thin film (10 um thick, 100% strain) upon irradiation with UV light (365 nm, 4 mW cm™2) for different periods of time. Changes in the absorption spectra of the UV-
preilluminated (365 nm, 4 mW cm™2, 4 min) SS-LCEso+2o film (film of Figure 2e) f) upon exposure to visible light (450 nm, 10 mW cm™2) and g) during spontaneous

cis-trans relaxation of azobenzene mesogens for different periods of time.



The effect of DA crosslinks on shape-switching behavior

The covalent crosslinking of the network is also important to
the shape switching behavior. The effect of DA bond content on
the deformation locking was investigated by varying the DA bond
amount of SS-LCE with a constant UPy concentration of 30%
(SS-LCE30+20, SS-LCE30+10 and SS-LCE30+0, Figure Zd). Upon
exposure to UV light, actuators of all three compositions bend
towards the UV light. The printed SS-LCEzp:0 actuator only
transiently bends during the first 7 s then relaxes and flows (Movie
S1, Supporting Information), as there are no covalent crosslinks.
By contrast, the deformation of SS-LCE3p+20 and SS-LCEsp+10 is
largely retained (90+11% and 94+3%, respectively). However, the
amplitude of the bending of the LCE30+10 is smaller than that of
SS-LCE3p+20 (Figure S13, Supporting Information). We expect
that this smaller deformation may arise from relatively poor
alignment fixation after printing when the DA concentration is low.
To further elucidate the role of alignment on shape-switching, the
mesogen alignment of an SS-LCE3zp+20 actuator was erased by
heating at 130 °C for 1 min, resulting in a polydomain sample.
This polydomain actuator does not undergo noticeable bending in
response to UV light (Figure S14, Supporting Information).
Although thin polydomain ALCEs bend in response to linearly
polarized light,?% 37 the magnitude of deformation is low as
compared to oriented ALCEs, which likely explains why no
obvious bending is observed in these relatively thick, unaligned
actuators.

Photochemistry of shape-switching behavior

The mechanism of shape-switching can be further supported
by spectroscopic measurements. UV-vis spectra were collected
on a stretch-aligned SS-LCE30+20 monodomain thin film (10 ym
thick, 100% strain); a thin film was used to maximize the intensity
of transmitted light. Under UV light (365 nm, 4 mW cm™)
irradiation for different periods of time between 10 s and 180 s,
the absorption band in the 430-500 nm region (absorption of cis-
isomer of azobenzene) of the SS-LCE3p+20 film increases due to
the trans-cis photoisomerization of the azobenzene moieties
(Figure 2e). Subsequently, upon exposure to visible light (450 nm,
10 mW cm™), the absorption band gradually decreases to the
initial value after 24 s (Figure 2f), indicating the cis-trans reverse-
isomerization. This behavior has been reported in a wide range of
azobenzene-containing polymers.®8l As expected, even without
visible light irradiation, the absorption band (430-500 nm) of cis-
azobenzene can gradually decrease to the original value after 24
h due to the spontaneous cis-trans reverse-isomerization (Figure
29). This return to the globally-stable frans-isomer confirms that
the photochemical behavior of the chromophore is not
dramatically altered from previous reports.B® It is likely that this
process introduces the small decrease of the fixed deformation of
SS-LCEs over the initial 12 h (Figure 2c,d). We emphasize that,
despite this cis-trans isomerization, the deformation of SS-LCEs
with UPy crosslinks is largely retained long after the completion of
the cis-trans reverse-isomerization of azobenzene. Effectively,
the supramolecular crosslinks can selectively decouple the shape
change of the material from the isomerization of azobenzene.

Characterization of repeated shape-switching actuations
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The shape-switching behavior of these LCEs is stable over
repeated cycling, despite the lack of a permanent covalent
network. Shape-switching stability of the material was probed by
repeatedly irradiating the printed SS-LCEz0+20 with UV light. Since
the spontaneous cis-trans isomerization of the cis-azobenzene is
nearly complete within 12 h, as shown in Figure 2g, the sample
was stored for 24 h in the dark during each cycle to provide
enough time for relaxation of cis-azobenzene. The deformation in
the sample was measured 60 s after UV irradiation to allow the
sample to return to room temperature, 24 h after irradiation, and
after heating to 65 °C for 5 min then cooling to room temperature.
The results show that most of the shape change (varying from 93
+11% to 95+12%) is maintained during the ten cycles of shape-
switching experiments (Figure 3a). The polarized UV-vis spectra
of a stretch-aligned SS-LCEsp:20 monodomain thin film was
recorded to detect any change in order parameter (Figure 3b),
which would indicate a change in alignment, after multiple cycles
of UV and visible light irradiation. In each cycle, the sample was
exposed to one light treatment of first UV (365 nm, 4 mW cm™2, 4
min) and then visible (450 nm, 10 mW cm2, 30 s) light irradiation.
Based on the polarized UV-vis spectra, the order parameter of
the monodomain film is calculated to be 0.39 after processing,
0.36 after one “UV+Vis” cycle, and 0.31 after ten “UV+Vis” cycles
(Supporting Information). This measurement confirms that about
80% of the azobenzene alignment is maintained even after ten
cycles of UV and visible light irradiation.
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Figure 3. a) Representative curve of normalized bending height as a function
of shape-switching cycles. All data are collected from the average value of three
samples and all errors are standard deviations. b) Polarized absorption spectra
(both parallel and perpendicular to the alignment) of a stretch-aligned SS-
LCE30+20 monodomain thin film (10 um thick, 100% strain) after processing and
after exposure to UV light (365 nm, 4 mW cm™2, 4 min) and then visible light
(450 nm, 10 mW cm™2, 30 s) once and after ten UV+Vis exposures.

Braille-like actuator

Finally, we demonstrated a proof-of-concept application by
printing a Braille-like actuator using SS-LCEsz¢+20, Which can be
switched to display different letters. LCEs have been proposed for
haptic and Braille displays due to their reconfigurable shape.[%8!
However, continuous thermal power or periodic optical power
would be required to maintain the deformed state using previously
reported LCEs. Generally, a full Braille cell includes six raised
dots arranged in two columns, which can be used to represent a
letter, digit, punctuation mark, or word. Similarly, the printed
Braille-like actuator is a rectangular substrate and six printed
Archimedean chord patterns (diameter 6 mm), where the
mesogen orientation varies azimuthally around a point (Figure 4a).
Each Archimedean chord pattern morphs into a cone on exposure
to UV light, as would be expected based on predictions® and



experiments in surface-aligned liquid crystal polymer networks. 0!
We note that cone forms with the apex pointing away from the
incident light (Figure 4b). By spatially-patterning the UV light
exposure, our Braille-like actuator can be programmed to read “L”,
“C” and “E”, by switching the shape-morphing of the Archimedean
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chord patterns with UV light and heating (Figure 4c, Figure S15,
Supporting Information). The shape-switching feature of the
Braille-like actuator can be observed using topographical images,
which show that most of the deformation is retained after UV light
irradiation for 24 h and can be recovered by heating (Figure 4d).
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Figure 4. a) lllustration showing photoswitchable deformations of a Braille-like actuator. b) lllustration showing the photodeformation-process of a Braille-like
actuator: from “flat” to “L” shape. ¢) Photographs showing a Braille-like actuator printed with SS-LCE30+20 capable of displaying letters “L”, “C” and “E” by switching
the shape-morphing of the Archimedian chord patterns with UV light and heating. Images show actuator form 24 h after UV exposure. d) Micrographs recording the
topography of the actuator during one cycle of shape switching of the Braille-like actuator between the “flat” and “L” shapes.

Conclusion

In summary, we have synthesized 4D printable, LCEs via the
integration of UPy supramolecular interactions, dynamic DA
crosslinks, and azobenzene within the same liquid crystal
elastomer. This programmable and complex shape change of
these materials is stable after irradiation with UV light. This

stability arises from a decoupling of the isomerization. The original
printed form can then be recovered on demand by heating. We
elucidate  the competitive relationship  between the
supramolecular interactions and covalent network on shape-
switching behavior. Moreover, multiple shape-switching
deformations are demonstrated by applying ten-cycle deformation
locking and recover. We anticipate that this new class of
photoswitchable actuators could find utility in end-use



applications such as deployable medical devices and morphing
architectures.
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4D-Printing of Photoswitchable Actuators

Yy LII ", C ” LYy EII

Shape-switching liquid crystal elastomers are formulated where light is used to trigger a shape change which is then stable
indefinitely. The original shape can be recovered on heating. These materials can be 4D printed into reconfigurable Braille-like
actuators capable of displaying letters “L”, “C” and “E” by switching the shape-morphing of the Archimedean chord patterns with UV
light and heating.



