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Narrowly dispersed, 10 micron-sized, liquid crystalline elastomer
polymer actuators were first prepared via thiol-ene dispersion
polymerization and then embedded and stretched in a polyvinyl
alcohol film, followed by photopolymerization of the residual
acrylate groups. Prolate micro spheroids in which the mesogens
are aligned parallel to the long axis were obtained and showed
reversible thermally driven actuation owing to nematic to isotropic
transition of the liquid crystal molecules. The particles were also
compressed to form disk-shaped oblate microactuators in which the
mesogens are aligned perpendicular to the short axis, demonstrating
that the reported method is a versatile method to fabricate liquid
crystal elastomer microactuators with programmable properties.

Liquid crystalline (LC) microactuators have received consider-
able interest as they exhibit reversible changes in morphology
in response to specific stimuli, and thus have potential applications
in biomedicine and microfluidics.""® Various stimuli have been
used to trigger shape changes of these LC polymer particles,
including heat and light.”'® Changes in shape are a result of
phase changes of the LC mesogens, leading to changes in
molecular order and conformation of polymer chains in the
particles.'>? Most LC microactuators have been prepared via
microfluidics by polymerizing spherical LC monomer droplets,
and upon disrupting the LC order, the particles undergo a shape
change to a non-spherical morphology."®*° An alternative
method of producing shape changing particles was by deforming
shape memory particles. Ho et al. developed a simple approach,
in which polymer particles were immobilized in a poly(vinyl
alcohol) (PVA) matrix and stretched.”®'* The approach has been
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widely applied for its simplicity and versatility comparing to other
techniques aiming to deform microscopic objects, such as nano-
imprint lithography.">>' However, these non-LC particles only
show “one-way” shape recovery; that is, from the temporary
shape to the programmed permanent shape. Marshall et al
combined microfluidics and stretching and prepared LC micro-
actuators by stretching spherical LC monomer droplets prior to
polymerization; the resulting LC microactuators showed a
“reverse” shape change, that is, from ellipsoidal (LC) to spherical
(isotropic), although only ellipsoidal particles were prepared.”
Microfluidics, however, face challenges in preparing small-sized
particles (with diameters (D) ~ 10 pm).

Recently, an advanced method has been reported for fabri-
cating centimeter-size liquid crystal elastomer (LCE) actuators
with programmable shapes through a two-step polymerization
approach.>**° Briefly, in the first step, LC monomers are
partially polymerized via a thiol-ene polymerization reaction
and then mechanically aligned. During the second step, a
radical polymerization is carried out to polymerize the remaining
acrylate end groups. In doing so, the LCE actuators consist of two
competing polymer structures: the first thiol-ene structure that
favors the initial shape before programming, and the second
polyacrylate structure that favors the programmed shape.

To the best of our knowledge, the fabrication of LC micro-
actuators in the 10 pm range with reversible shape changes has
not been reported. Bowman et al. described the preparation
of micron-size non-LC particles with a narrow particle size
distribution without microfluidics based on thiol-ene dispersion
polymerization.*"**> By incorporating dynamic covalent functional
groups in the network, the permanent shape of the particles can be
tuned with specific stimuli.*® However, reversible shape change
was not achieved with these non-LC particles. Nevertheless, this
thiol-ene dispersion polymerization opens up a route towards the
preparation of LC microactuators with reversible shape changes
through the two-step polymerization approach (vide supra).

We now report the facile preparation of 10 micron-sized LC
actuators with low dispersity and reversible shape changes
based on this two-step approach. Making use of thiol-ene
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dispersion polymerization reported by Bowman et al., narrowly
dispersed, micron-sized LC particles with excess acrylate groups
were obtained.**> The LC particles were then immobilized in a
PVA matrix and stretched. The deformed particles were then
irradiated with UV light to photopolymerize the residual acrylate
groups in the nematic phase. The LC mesogens were aligned
mechanically during stretching, yielding prolate micro spheroids.
Subsequent exposure to different temperatures yielded macro-
scopic, yet reversible shape changes between spheroids (T < Ty
Tni = Nematic to isotropic transition temperature) and spheres
(T > Tni), due to the change of LC phase. Furthermore, by
compressing the PVA/particle composite films, disk-shaped
oblate microactuators can also be produced, indicating that
this method can prepare particle actuators of different director
patterns."®

Previous literature suggests that establishing a delicate balance
between the thiol-ene structure and the acrylate structure in the
network is crucial to achieving reversible shape changes: the
reported optimal molar ratio of thiol groups to acrylate groups is
1:1.1, and 25% of the total number of thiol groups should come
from the tetrathiol cross-linker.** The monomer mixture used in
the current study is based on these findings and consists of an LC
monomer (1), a dithiol chain extender (2), and a tetrathiol cross-
linker (3) (Fig. 1(a)).**

The first polymer structure in the LC particles was prepared
via thiol-ene dispersion polymerization. The monomer mixture
and the steric stabilizer, polyvinylpyrrolidone (5), were dissolved
in the mixed solvent of 2-methoxy ethanol and ethanol. Upon
addition of triethylamine (4), the catalyst, the solution quickly
turned hazy, and the polymerization was carried out at room
temperature overnight. By carefully controlling the composition
of the solvent mixture, narrowly distributed particles with an
average particle diameter of 10.5 um and a coefficient of
variation of 9% determined by polarized optical microscopy
(POM, Fig. 2(a) and Fig. S1, ESIt) were prepared. The particles

(a) o Q
o Q,
1 Ag°*)f;,°‘©‘{,_<:§-)‘©‘°ﬁ€1(\ ZHS g~ Oy 3 “S“)%DCK/\S“
Hs\/\g,o ojo(\/su

000 2 g
4 AN s 6 QJL.‘LL@, 7 85~
© '
]
I\ F
Stretch Photopolymerize

N
20\
mm—Mcsogenic groups ® Excess acrylate groups

\

Q/

——— Thiol-ene links Acrylate links

T>Ty
T<Ty

Fig.1 (a) Chemical structures of the particle components. Schematic
representation of dispersion polymerization (b), stretching of the particles
(c), and thermally driven actuation of the particles (d).
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Fig. 2 POM images of particles before stretching and photopolymerization
at room temperature without (a) and with cross polarizers (b). SEM image (c),
POM image without (d) and with (e) cross polarizers of the particles after
stretching and photopolymerization. (f) The cross polarizers were rotated
such that the long axis of a particle (circled) was parallel to one of the
polarizers. (Scale bar = 20 pum for (c); scale bar = 50 pm for other images.)

appeared to be polydomain based on the birefringence observed
between cross polarizers (Fig. 2(b)).

In order to photopolymerize the excess acrylate groups in
the polymer particles, a photoinitiator, Irgacure 819 (6), and a
polymerizable dye, disperse red 1 acrylate (7), used as an
indicator to verify the photopolymerization, were dissolved in
CHCI; and emulsified in an aqueous sodium dodecyl sulfate
(0.2% w/v in water) solution. This emulsion was mixed with the
polymer particles and agitated overnight. Upon complete
absorption of the CHCl; droplets, the suspension was added
to the PVA solution (composition per 100 mL water: 10 g PVA,
1 g urea, and 1 g formamide as plasticizers) and dried to form
the PVA/particle film. The film was then cut into strips and
stretched (draw ratio = 3) at 60 °C to deform the spherical
particles. The stretched strips were cooled to room temperature,
followed by photopolymerization of the remaining acrylate
groups. After photopolymerization, the PVA strips were dissolved
in water to yield the ellipsoidal particles (Fig. 2(c) and (d)). The
lengths along the long and the short axes were determined as
15.5 um and 7.5 pm, respectively. Most likely the LC moieties
align along the long particle axis, as the particles appeared dark
if the cross polarizers were parallel or perpendicular to the
long axis (Fig. 2(e) and (f)). This indicates that prolate micro
spheroids are formed in which the LC mesogens are aligned in
the stretching direction along the long axis. Since the number
of acrylate groups in the particles is very low, the characteristic
signals of acrylate groups were too weak for an accurate
conversion measurement with infrared spectroscopy (Fig. S2(a),
ESIt). Hence, to verify the success of photopolymerization,
the particles were extracted with THF to determine whether
the dispersed red 1 acrylate dye was incorporated into the
network. The dye was extracted from the particles before
photopolymerization but not from the particles after photo-
polymerization, indicating that the photopolymerization was
indeed successful and the dye was grafted to the particles
(Fig. S2(b) and (c), ESIY).
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Heat to 70 °C
Cool to 50 °C

Fig. 3 Thermally driven actuation of the stretched particles without (top)
and with (bottom) cross polarizers (scale bar = 10 pm).

For the thermal actuation study, the micro spheroids were
dispersed in glycerol, and a drop of the dispersion was added to
a glass cell and analyzed with POM. The dispersion was first
equilibrated at 50 °C, and then heated to 70 °C at 3 °C min™".
The micro spheroids showed a shape change from ellipsoidal to
spherical during heating, and upon cooling to 50 °C, the
spheres became ellipsoidal again (Fig. 3). The heating-cooling
cycle was repeated and the shape change was similar to the first
cycle, which indicates that the process was reversible (Fig. S3,
ESIY). The birefringence of the particles was observed with POM
at 50 °C and disappeared at 70 °C, suggesting that the actuation
was a result of the LC-isotropic phase transition (Fig. 3).
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Heat to 75 °C

Cool to 60 °C

Fig. 4 (a) SEM images of the particles after compression and photopoly-
merization (scale bar = 20 um); (b) POM images and schematic representation
of a particle when facing upwards (top) and to the side (bottom) (scale bar =
20 um). (c) Thermally driven actuation of the particles without (top) and with
(bottom) cross polarizers (scale bar = 10 pm).
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To demonstrate that the initial shape and director of the LC
microactuators can be programmed, the PVA/particles were
also compressed to produce disk-shaped oblate microactuators
in which the mesogens are aligned perpendicular to the short
axis. The particles were slightly elongated because the PVA
matrix flowed outwards during compression and created a
shear field (Fig. 4(a)). The average lengths along the long and
short axes were determined as 13 pm and 11 pum, respectively.
By tracking a particle that rotated in glycerol, the shape was
confirmed as a disk (Fig. 4(b)). To study the temperature-
responsive shape changes, the disk-shaped microactuator
dispersion was first equilibrated at 60 °C and then heated to
75 °C at 3 °C min~". The shape of the particles changed from
ellipsoidal to spherical, corresponding to the appearance of
birefringence under POM (Fig. 4(c)), and upon cooling to 60 °C,
the shape returns to ellipsoidal again.

Conclusions

We report the preparation of thermally driven microactuators
in the 10 um range with reversible shape changes. The particles
were prepared by thiol-ene dispersion polymerization and the
excess acrylate groups were photopolymerized after the particles
were stretched in a PVA matrix. By changing the temperature of
the environment, the LC phase of the prolate microactuators
can be altered between the nematic and isotropic phases, and as
a result, the shape of the microactuators can be tuned between
spherical and ellipsoidal. By compressing the PVA/particle film,
disk-shaped oblate microactuators can also be produced. This
work can lead to a new, versatile method for preparing micron-
sized prolate and oblate shape changing particles with program-
mable properties, making these actuators appealing for applications
ranging from biomedicine to microfluidic devices.
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