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ABSTRACT: The response of soft actuators made of stimuli-responsive
materials can be phenomenologically described by a stimulus-
deformation curve, depicting the controllability and sensitivity of the
actuator system. Manipulating such stimulus-deformation curve allows
fabricating soft microrobots with reconfigurable actuation behavior,
which is not easily achievable using conventional materials. Here, we
report a light-driven actuator based on a liquid crystal polymer network
containing diarylethene (DAE) photoswitches as cross-links, in which the
stimulus-deformation curve under visible-light illumination is tuned with
UV light. The tuning is brought about by the reversible electrocyclization
of the DAE units. Because of the excellent thermal stability of the visible-
absorbing closed-form DAEs, the absorbance of the actuator can be
optically fixed to a desired value, which in turn dictates the efficiency of photothermally induced deformation. We employ the
controllability in devising a logical AND gate with macroscopic output, i.e., an actuator that bends negligibly under UV or visible
light irradiation, but with profound shape change when addressed to both simultaneously. The results provide design tools for
reconfigurable microrobotics and polymer-based logic gating.
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H INTRODUCTION decade, many photothermally fueled LCN robotic movements
have been demonstrated, including 3D kirigami/origami
devices,” light steering motion by walking”' and swimming,*
object manipulation through gripping,””** and self-sustainable
oscillation.” ™’

The inputs required by an operational actuator are control
signal and powering source. For instance, the actuation force or
displacement of an electromechanical actuator is controlled

Soft robotics is a research frontier dedicated to combine the
flexibility of soft materials with the accurate control inherent to
conventional rigid-bodied robots, anticipated to provide
technological breakthroughs for human-friendly interfaces,
controlled locomotion, and bioinspired robotic adaptation.'
To apply the soft robots in single-cell manipulation, drug

delivery/release, or microfluidics, their size has to be
- ry( 2 o b . through current/voltage input.”® In light-driven LCN robotics,
miniaturized.” For this, stimuli-responsive materials are often

adopted, > allowing to activate robotic movements wirelessly the actuator performance is dictated bY a complex .mterplay
. > ] 1 . 1.5-9 between molecular-level events (e.g., light absorptlon) and
using heat, magnetic or electric fields, humidity, or light.

Among the different classes of stimuli-responsive materials, macroscopic properties of the polymer network (elastic

. . 29,30
light-driven liquid crystal polymer networks (LCNs) stand out modulus and alignment anisotropy). . For phot.otherr.nal
due to their large shape-changes, versatile control over actuators, the performance can be described by an intensity-

) . 1 . deformation curve, as schematically illustrated in Figure la.
deformation (e.g., bending, coiling, and twisting), easy ) o L
s . . i Increasing the illumination intensity increases the amount of
scalability from centimeter down to micrometer size, and

high spatial and temporal resolution of the light activation.'”"" def(c)irrr?atlog Ef the acthu'ator, wl'xslch n comﬁ)_m}::tlon Wlﬁl
Conventionally, the light-fueled actuation of LCNss is triggered Pfél. esigne ; ape MOIPRINg provices accgratle 1%1 tlcontr.o i
by photoswitchable molecules incorporated into the polymer ability over the robotic movements.™ Typically, the intensity-
network.'”"> Upon photon absorption, the photoswitches
undergo reversible shape changes and induce disorder into the Received:  July 14, 2020
initially ordered polymer network, yielding photochemically Accepted:  September 25, 2020
induced macroscopic actuation.'™"> An attractive alternative to Published: September 25, 2020
trigger actuation is the use of the photothermal effect, i.e., the

molecular disorder created by heat released during non-

radiative relaxation of photoexcited moieties.'®™'" In the past
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Figure 1. Concept of tunable photomechanics. (a) Performance of a
photothermal actuator is described with a light intensity-deformation
curve, and modification of the curve profile with an external stimulus
allows reconfiguring the light response of the actuator. (b) Schematics
of a reprogrammable photothermal actuator that shows minimal
deformation initially and exhibits profound shape changes after color
change (increased absorption).

deformation curve is fixed during the fabrication process; that
is, a conventional photoactuator is responsive yet not
reconfigurable. A possibility to tune the light response after
fabrication allows reprogramming the performance of the
actuator at will, paving way toward design strategies for
reconfigurable and adaptive soft robotics.”

To manipulate the intensity-deformation curve (ie., light
controllability) and to obtain distinct actuation behavior upon
identical light illumination conditions, recent studies have
relied on chemical reconfiguration approaches such as the use
of dynamic chemical bonds to rearrange the connectivity
between polymer chains.>’™>” Only few studies have
concentrated on obtaining reconfigurable photoactuation by
purely optical methods. The power of optical methods is that
in principle they can provide a noncontact reconfigurability
platform. However, thus far they lack reversibility over multiple
cycles of reconfiguration. For instance, optical de-cross-linking
can be used to locally pattern the actuation across an LCN

film, but the obtained effect cannot be easily erased and
patterned again.”® While photochemical excitation allows to
reversibly program the actuation behavior, subsequent photo-
thermal actuation resembles the shape-memory effect and only
yields few cycles of robotic actuation.®

To devise a photothermally driven actuator with light
responsivity that can be reversibly tuned, control over light
absorption of the photoactuator is the key parameter. By
tuning the absorbance, one controls the photosensitivity, i.e.,
the minimum dose of input energy required for a desired shape
change, as illustrated in Figure 1b. Reversible optical
modification of absorption can most conveniently be achieved
via photochromic molecules.””*' The challenge in harnessing
photochromic molecules to control photothermal actuation
lies in the fact that for the majority of the thus far exploited
photochromic moieties—azobenzene*”*’ being the most
frequently used—only one of the two states is thermally
stable. The lack of bistability leads to inherent thermal
relaxation from the metastable to the thermodynamically stable
state and thus a continuously changing intensity-deformation
relationship. While thermally stable photochromic molecules
do exist and ortho-fluorinated azobenzenes** and hydrozones*
have been used for bistable photoactuation in LCNs, their
absorption changes upon isomerization are often limited. For
instance, with an ortho-fluorinated azobenzene the absorbance
in the visible range may increase upon UV illumination by
about 50%,* which is insufficient for efficient tuning of the
visible-light controllability through changes in material
absorption.

Here, we introduce photochromic diarylethene (DAE)
cross-links as effective tools toward optically reconfigurable
light controllability in photothermal LCN actuators. The DAE
units undergo ring-closing and ring-opening via a 6%
electrocyclization when illuminated with UV (365 nm) and
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Figure 2. Diarylethene photoswitching. (a) Chemical structures of the ring-open and ring-closed forms of the DAE cross-linker. (b) UV—vis
spectra of the DAE cross-linker in a SO #M acetonitrile solution. (c) Photographs of DAE-containing acetonitrile solution before (left) and after
(right) UV illumination. (d) Liquid crystal monomers and photoinitiator used to form LCN soft actuator. (e) UV—vis spectra of the DAE-LCN
film before and after electrocyclization. UV: 365 nm, 50 mW cm™?; vis.: 550 nm, 285 mW cm 2. (f) Photograph of the DAE-LCN film after masked

exposure to UV light. Scale bars: 5 mm.
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visible light (550 nm), respectively, providing a convenient way
to selectively address each switching state, i.e., ring-open and
ring-closed DAE. Due to the outstanding thermal stability of
the ring-closed DAE, the absorbance around 550 nm can be
fixed to any value between 0.05 and 1.4 in a 20 um LCN
actuator strip. Hence, we make use of a control signal (UV
irradiation) to tune the sensitivity of actuation to the powering
source (visible-light irradiation). The DAE-based LCN (DAE-
LCN) actuator exhibits AND gate logics: deformation is
negligible when exposed only to UV or visible irradiation but
pronounced shape changes are observed when exposed to both
simultaneously.

B RESULTS

Diarylethene Photoswitch. The DAE photoswitch used
as the light-absorbing unit in the present study is shown in
Figure 2a. It undergoes reversible open — closed (0—c) as well
as closed — open (c—o) interconversion when illuminated
with UV and visible light, respectively. As shown in Figure 2b,
the open form absorbs strongly in the UV region while the
closed form exhibits a band in the visible, centered at A = 540
nm, leading to a significant color change from transparent to
purple under UV irradiation (Figure 2c). The electro-
cyclization was studied with "H NMR, which under 365 nm
irradiation yielded a photostationary state (PSS) consisting ca.
56% of the closed-form DAE, the quantum yield (QY) for the
o—c conversion being ®,_,. = 0.54. By irradiating the solution
with 550 nm, c¢—o electrocyclization occurs and the process can
be driven to completion, yet with a very low QY of @, =
0.009. The low QY of the ring-opening ascompared to the
ring-closure is expected,*® and in fact works for our benefit for
maintaining the visible light actuation, as will be discussed
later. Further details on the QY determination are given in the
Supporting Information.

The core of the DAE molecules was extended with aryl
groups, which serve to extend the conjugation and hence shift
the absorption of the open as well as closed forms to higher
wavelengths and enhance the rigidity of the DAE molecules,
rendering them compatible with the polymerizable liquid
crystal mixture constituting the actuator (Figure 2d)."” The
two acrylate groups attached to the DAE ensure their covalent
attachment to the polymer network during photopolymeriza-
tion. Details of the DAE synthesis and LCN sample
preparation procedure are given in the Supporting Information
and the Experimental Methods section, respectively. The
electrocyclization of DAE is well preserved in the LCN: UV
illumination enhances the absorption in the visible range
(Figure 2e) and colorizes the exposed area in purple (Figure
2f). No photodegradation was observed for at least ten cycles
of UV/visible irradiation (Figure S1). More details on the
light-induced spectral changes and their kinetics in the LCN
film are given in Figure S2. The polarized optical micrographs
(Figure S3) reveal high homogeneity of the LCN, indicating
no disruption of liquid crystalline alignment after incorporating
the DAE into the network.

Spectral Stability. The temporal stability of the closed-
form, visible-absorbing DAE, was investigated by monitoring
the absorbance at 550 nm from a 10 ym thick LCN film
containing 5 mol % of DAE at different temperatures (Figures
3a and S4). The half-life was estimated to be over 400 days at
room temperature, which is 3 orders of magnitude longer than
the cis-lifetime of typical azobenzene cross-linkers used in
LCNs (Figure SS). The thermal stability decreases at elevated
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Figure 3. Spectral stability. (a) Thermal lifetime of the ring-closed
DAE at different temperatures, measured for a 10 #m DAE-LCN film.
(b) Stepwise change of absorbance (at 550 nm) in the DAE-LCN film
by sequential irradiation with UV and visible light. UV: 365 nm, 120
mW cm™?, 2 s; vis.: 550 nm, 300 mW cm™2, 2 s.

temperatures, but even at 100 °C, the lifetime of the closed
form exceeds 4 days (Figure 3a). Hence, the DAE-based LCN
can be considered as a bistable system whose spectral
properties can be purely controlled via optical excitations.
This allows the absorbance to be fixed to a desired level, as
demonstrated in Figure 3b where the LCN was periodically
illuminated with UV irradiation, yielding a stepwise increase in
the absorbance at 550 nm, whereas subsequent illumination at
this wavelength allows controlled decrease in the absorbance in
a similar stair-like fashion. This feature is not only useful for
photomechanical actuation, but potentially also for applica-
tions in tunable photonics.**

Light-Tunable Photomechanics. For the photomechan-
ical actuation studies, we fabricated a DAE-LCN actuator with
3 X 0.5 X 0.02 mm® dimensions and 90° twisted molecular
alignment. A tip-end bending angle is used to quantify the
mechanical response under different irradiation conditions, as
shown in the inset of Figure 4a. The bending is due to
anisotropic thermal expansion within the strip, dictated by the
molecular alignment and independent from the incident light
direction.*” Such bending occurs within the temperature range
much below the nematic—isotropic phase transition of the
LCN material, which is observed above 150 °C (Figure S6).
Different molecular alignment or cutting direction would lead
to different shape morphing such as twisting, coiling or
contraction.”® Bending-type deformation was chosen because it
is easy to characterize by simply measuring the bending angle
under different illumination conditions. We note also that the
initial state of the actuator is bent, which is due to residual
stress in the LCN generated during photopolymerization at
elevated temperature.”’ Further details on the actuator
fabrication are given in Experimental Methods, and a
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Figure 4. Light-tunable photomechanics. (a) Bending angle of the DAE-LCN strip upon irradiation with UV and visible light with different
intensities. The sensitivity of the actuator to visible light (550 nm) is estimated from the linear fit to the intensity-deformation (bending) curve.
Inset: optical image of the bending strip and indication of the strip bending angle for actuation measurements. (b) Temperature change of the
actuator upon irradiation with UV and visible light with different intensities. (c and d) Optical and thermal images of the strip under 285 mW cm™
visible-light illumination using UV exposure of different intensities. (e) Bending angle (purple dots) and temperature change (blue line) of the strip
under subsequent illumination with UV (365 nm, 50 mW cm™2 10 s) and visible (550 nm, 285 mW cm™) light. Inset shows the corresponding
absorbance changes of the strip. (f) Maximum bending angle (purple), and temperature change (orange) induced by different visible-light
intensities after an identical UV pre-exposure (365 nm, 50 mW cm™2, 10 s). Error bars in panels a, b, and f indicate standard deviation of n = 3

measurements.

schematic drawing of the characterization setup is shown in
Figure S7.

The light sensitivity (absorbance) of the DAE-LCN actuator
can be controlled by exposure with UV and visible light. As
O, > ®_,, the PSS is rich of ring-closed DAE when
applying UV and visible light simultaneously, and visible-light
absorption is retained even under relatively strong visible
excitation (Figure S2c,d). The intensity-deformation curves
under different UV doses are shown in Figure 4a. Without
using UV light, the actuator bends moderately under 550 nm,
with sensitivity of 7.1° per W cm™> (Figure 4b, green). The
small deformation is due to small absorption (A = 0.05) of the
ring-open DAE at 550 nm (Figure 2e). Even a small dose of
UV significantly enhances the visible-light absorption and as a
result, the deformation of the strip is boosted, the efliciency
being 34.1° per W cm™ and 62° per W cm™ using UV

47942

exposure of 30 mW cm ™ (Figure 4a, blue) and 50 mW cm™

(Figure 4a, purple), respectively. We emphasize that the
deformation under visible-light irradiation is due to the
photothermal effect, driven by the closed-form DAE absorbing
the photons, transferring the photon energy to heat, and
subsequently triggering the actuation of the LCN. The
photothermally induced temperature increase is shown in
Figure 4b and the optical and thermal camera images of the
actuator in Figure 4c,d.

We note that UV irradiation alone induces neither
photothermal nor photochemical actuation. For example, UV
exposure of S0 mW-cm™ brings only 2° bending and <1 °C
temperature elevation. This is explained by the high ®,_,
driving the o—c electrocyclization rather than converting light
energy to heat. The absence of photochemical actuation (see
Figure S8), different from the diarylethene-based photo-

https://dx.doi.org/10.1021/acsami.0c12735
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chemical actuator reported by the Ikeda group,” is attributed
to negligible shape change between the open-form and closed-
form DAE*’ and to moderate concentration (5 mol %) of the
DAE units. Different to many azobenzene-containing
LCNs,** ™ ¢ the Young’s modulus of the DAE-LCN (~1.3
GPa at room temperature) was not affected by the electro-
cyclization and the stress—strain behavior remains unchanged
before and after UV illumination (Figure S9). Hence, in our
actuator UV light acts as the “control signal” to modify the
sensitivity of the actuator, while visible light takes the role of
the “power source” that initiates the deformation. The
mechanical response upon heating the actuator in a water
bath (Figure S10a) is stable, as expected based on the
thermosensitive nature of LCNs. Upon photothermal heating,
the sample deformation reduces slightly over a time span of 60
min (Figure S10b). This may be due to slight degradation of
diarylethene units upon moderate-intensity UV illumination
(50 mW cm™2).

When the UV and visible light are not applied simulta-
neously, the actuation is unsteady. Figure 4e shows the
bending of the DAE-LCN strip upon sequential UV and visible
irradiation. First, UV irradiation (10 s, S0 mW cm™2) is used to
raise the absorbance of the LCN from 0.05 to 0.5 (inset of
Figure 4e). Then, the UV irradiation is ceased and visible light
(550 nm, 285 mW cm™2) is impinged on the strip, which
quickly reaches the maximum bending angle (11° bending
within 2 s) and then gradually retains the original shape. The
photothermally induced deformation is driven by heat
equilibrium, and the kinetics (Figure S11) is dictated by the
heat capacity of the material. The extent of bending depends
on the excitation power and the corresponding photoinduced
temperature increase (Figures 4f and S12). The subsequent
relaxation is due to ring-opening of the DAE cross-linker
moieties upon visible-light illumination, which constantly
reduces the absorption at 550 nm, thus gradually decreasing
the photoinduced heating (Figure 4e, blue) and deformation.
Exposure to visible-light illumination in the absence of UV
leads to gradually decreasing actuation (Figure S13). Herein,
pronounced differences between simultaneous and sequential
UV-—visible excitation can be observed. Upon simultaneous
illumination, the population of the o- and c-forms of DAE
reach an equilibrium, which stabilizes the actuation to a certain
level (Figures 4a and S2d). Upon sequential illumination, the
drop of absorption caused by visible-light excitation leads to
continuous decrease in deformation (Figure 4e). We would
like to note that rather than being a drawback, the dual
wavelength dependence is a characteristic of the DAE-based
LCN actuator which, as shown next, enables a proof-of-
principle application of logical gating in photoactuation.

AND-Gate Photoactuation. Figure Sa shows the photo-
induced bending under simultaneous UV (0 to 60 mW-cm™2)
and visible-light (0 to 342 mW-cm™) illumination. When the
intensity of either of the irradiation sources is increased, the
bending is boosted. On the other hand, if either of the
irradiation sources is removed, the bending is negligible. Such
behavior resembles the AND-gate logic, where an output signal
is provided only when both input signals are applied
simultaneously. In our notation the two light sources act as
the input signals, while the deformation serves as the output.
The AND logical table can be constructed as follows (Figure
Sb): (1) If no light is applied, the DAE-LCN remains
transparent and no heat is generated, hence no actuation; (2)
when only UV light is used, the DAE-LCN becomes absorbing
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Figure 5. AND-gate photoactuation. (a) Bending angle of the DAE-
LCN as a function of UV and visible light intensities. The numbers
indicate the different gating status shown in panel b. (b) Logic table of
the AND-gate photoactuator, the two inputs being the UV and Vis
irradiation and the output being the bending of the strip. (c) The
maximum bending of the strip upon changing the delay between UV
and visible exposures. The error bar indicates standard deviation of n
= 3 measurements.

but no photothermal heating takes place due to the lack of
visible-light irradiation, hence no actuation; (3) if only visible
light is used, the DAE-LCN remains transparent, hence no
actuation (or to be more precise, only very minor actuation is
observed); (4) by applying both light inputs simultaneously,
the AND-gate is activated and the DAE-LCN deforms.

The bending angle of the AND-gate photoactuator is
dictated by the absorbance and resultant photoinduced
temperature increase (Figure Sl4ab). If the visible-light
intensity is kept constant (red line in Figure Sa), an increase
in the UV intensity increases the population of closed-form
DAE in the PSS, hence boosting the actuation (Figure S14c).
By varying the visible-light intensity under constant UV
illumination (yellow line in Figure Sa), the photothermal
heating is boosted but the absorption of the film decreases as
the conversion from the ring-closed to ring-open DAE is
enhanced (Figure S14d). We also investigated the dependence
of the AND gate actuation on the timing of the two inputs by
applying UV light (10 s, S0 mW cm™2) onto the DAE-LCN
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and varying the time delay between the UV (10 s, 285 mW
cm™?) and visible inputs. The bending angles are recorded
instantly after ceasing the visible light, and the results are
plotted in Figure Sc. When the visible light precedes the UV
input, only minimal actuation is observed as the sample is
transparent and cannot absorb light energy. Deformation starts
to appear when the two signals overlap, reaching the maximum
when there is no delay between the two inputs. When visible
light succeeds the UV illumination, the deformation decreases
as the ring-opening reaction reduces the absorbance of the
LCN in the absence of UV irradiation. When there is no
overlap between the signals, the deformation persists as the
UV-induced absorption remains due to the stability of closed-
form DAE (Figure 3a). These dynamical responses to
sequential illuminations could in the future provide a time-
wise programming strategy for polymer-based logical circuits.

B DISCUSSION

The light-tunable photoactuation presented relies on the
photochromic properties of the DAE photoswitch, providing a
unique linkage between two light stimuli: UV light is used for
controlling the sensitivity (absorption) of the actuator in the
visible range whereas visible light is driving shape deformation.
Modifying the light absorption of the actuator after polymer-
ization enables reconfigurable actuation where photothermal
actuation strength in response to visible irradiation can be
tuned. While many photochromic molecules have been used in
shape-shifting LCNs,”” " they fall short to combine properties
provided by the DAE, ie., excellent thermal stability, large
spectral separation of the isomers and thus significant
absorption changes upon illumination, and low quantum
yield of light-induced back isomerization to the thermodynami-
cally stable state. This unique combination allows us to devise
a logical-gate photoactuator using a single photochromic
compound only. In addition, please note that the encoding of
logical responsiveness can be processed through mask exposure
on a 2D material sheet, which may bring opportunities in
kiri%ir;lzi/ origami-type devices with complex shape-morph-
ing.” "

We highlight once more that, in our system, DAE is used to
invoke photothermal actuation. To achieve bistable, photo-
chemically induced actuation, larger concentration of DAE in
the LCN should be used, as has been demonstrated earlier.”
Another versatile strategy for light-induced bistable actuation
with DAE is based on single crystals, in which case shape
deformation results from the changes in crystal packing caused
by electrocyclization.”*** However, the AND-gate operation is
possible in neither photochemically driven DAE-containing
networks nor DAE crystals.

Logic gates and circuits are basic tools in hard-bodied,
electronically driven rigid robots. Yet incorporating similar
logical operation principles into soft robots is a challenge due
to the mismatch between conventional rigid electronic
components and compliant bodies.”" Recently, different logic
circuits have been incorporated into soft ?neumatic systems
leading to complex robotic movement.””*° However, the
research on photomechanical logic gate -type operations are
mostly limited to sol—gel transition of hydrogels,”’~* where
additional inputs (temperature, pH, and electric field) are often
needed, increasing the complexity of these systems. The
presented fully optically controlled AND-gate photoactuator is
unique, and there are multitude of possibilities to extend our
concept to other types of logic gates. Future studies may also

involve integration between different logic-gate photoactuators
to build up polymer-based robots showing more sophisticated
behavior than what can be achieved with a single logic-gate
photoactuator. This may yield soft robots with automated task
execution, taking action only when a combination of stimuli is
met, making decisions through the designed logic circuitry. We
anticipate that the paradigm of logic gates in the context of
photoactuation may broaden the perspective of soft micro-
robotics and intelligent microdevices.

B CONCLUSIONS

We have devised a photothermally driven, diarylethene-based
liquid crystal network photoactuator. The exceptional thermal
stability of the closed-form diarylethene allows the visible-light
absorbance of the actuator to be optically fixed to a desired
value via suitable dose of UV irradiation, which acts as a
control signal. This, in turn, enables all-optical control over the
macroscopic deformation in response to visible light, which
acts as the power source for the actuator. The diarylethene-
based photoactuator allowed us to devise an AND logical gate
with two optical inputs (UV and visible light) and a
mechanical output (macroscopic bending). The photomechan-
ical system presented gives new insights to set soft matter in
motion via interplay between photochemical and photothermal
effects, striving photoactuation toward logical gating and, in
the longer term, even logical circuitry. We believe that such
intelligent photoactuators may have a variety of applications in
soft robotics, photonics and optoelectronics.

B MATERIALS AND METHODS

LCN Monomer Mixture Preparation. The LCNs were made by
photopolymerization of a mixture containing 72.5 mol % of LC
monomer 4-methoxybenzoic acid 4-(6-acryloylox-yhexyloxy)phenyl
ester (M1, Synthon Chemicals), 21 mol % of LC cross-linker 1,4-bis-
[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (M2, Syn-
thon chemicals), 5 mol % of diaylethene cross-linker (DAE), and 1.5
mol % of photoinitiator bis(2,4,6-trimethylbenzoyl)-phenylphosphi-
neoxide (IRG 819, Sigma-Aldrich). DAE was synthesized in house
(see the synthesis route in the Supporting Information). All other
molecules were used as received. The monomer mixture was dissolved
in dichloromethane and filtered through PTFE syringe filter (pore size
0.2 pm, Sigma-Aldrich). Finally, the solvent was evaporated at 80 °C
for 2 h. The isotropic-to-nematic phase transition temperature of the
mixture was ca. 47 °C, as determined with a polarized optical
microscope (Zeiss Axio Scope.Al).

Photopolymerization. Glass substrates were cleaned by soni-
cation in acetone and 2-propanol baths, 20 min each. The glass slides
were spin coated with 1 wt % water solution of poly(vinyl alcohol)
(PVA, Sigma-Aldrich; 4000 rpm, 1 min). Two glass slides were
rubbed unidirectionally using satin cloth. Before and after rubbing, the
coated glass slides were blown with high-pressure nitrogen gas to
remove dust particles. The cells were glued from two glass slides with
UV glue (UVS 91, Norland Products Inc., Cranbury, N) mixed with
spacer particles (Thermo scientific) to define the cell thickness. The
rubbing directions of the alignment layers on the glass slides were
aligned to be parallel to form planar LC alignment or perpendicular to
form 90° twisted alignment. The mixture was infiltrated into the cell
on a heating stage at 70 °C (isotropic) and cooled down to 30 °C
(nematic) with a rate of 2 °C min™". The sample was stabilized for 15
min before photopolymerization by using 11 mW cm™ blue LED
(420 nm, LED, Thorlabs, 30 min). After photopolymerization the
temperature was elevated to 100 °C and the sample was illuminated
with 550 nm light (20 mW cm™ for 5 min), in order to convert the
majority of DAE molecules to the ring-open form. The cell was
opened, and strip-like LCNs were cut from the film using a blade. The
fraction of unreacted monomers was ca. 2.5 wt %, as measured by

https://dx.doi.org/10.1021/acsami.0c12735
ACS Appl. Mater. Interfaces 2020, 12, 47939—47947


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12735/suppl_file/am0c12735_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12735?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

weighting the photopolymerized DAE-LCN sample before and after
soaking in toluene for 5 min.

Characterization. Absorption spectra and isomerization kinetics
were measured in a UV—vis spectrophotometer (Cary 60 UV—vis,
Agilent Technologies) equipped with a Peltier-thermostated cell
holder for temperature control (accuracy 0.1 °C). The 50 uM DAE-
acetonitrile sample was measured in a 1 cm quartz cuvette, while the
solid-state sample was a 10 um thick film with planar alignment or a
20 pm thick film with 90° twisted alignment. Cross-polarized
microscope images were taken with Zeiss Axio Scope.Al. An LCN
strip with dimensions of 3 X 0.5 X 0.02 mm® (90° twisted alignment)
was used for studying the photomechanical response upon UV (365
nm) and visible (550 nm) illumination (Prior Scientific multiple LED
light source). The light sources used were coupled into a liquid light
guide equipped with a collimator lens before illuminating the sample.
The intensities were measured in front of the sample position.
Photographs and movies were recorded using a Canon SD Mark III
camera with a 100 mm objective lens, and thermal images were taken
with an infrared camera (FLIR T420BX) equipped with a close-up
(2x) lens. Stress—strain curves were determined by a homemade
tensile tester in a SO pm thick planar film with stretching speed of 0.1
mm s~' and stretching direction in parallel with the LC director.

B ASSOCIATED CONTENT
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