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ABSTRACT: In this article, we present the synthesis of highly
shape-anisotropic, micrometer-sized particles from liquid crys-
talline elastomers, which have the ability to reversibly change
their shape in response to a certain external stimulus. For their
preparation, we utilized a microfluidic setup. We succeeded in
preparing sets of particles with differing degrees of shape
anisotropy in their ground state including highly anisotropic
fiber-like objects. All samples produced movement during the
phase transition from the nematic to the isotropic phase of the
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liquid crystal. Depending on the direction of this shape change, we classified the samples in two groups. One type showed a
contraction, while the other showed an expansion during the actuation, generating displacements of 60% and 80%, respectively.
Using X-ray diffraction experiments, we could show that the different actuation properties arise from different director patterns of
the liquid crystalline moieties in the microparticles. While the weakly shape-anisotropic microparticles possess a concentric director
field (director perpendicular to the symmetry axis), the highly anisotropic fiber-like particles show an alignment of the director along
the fiber axis. We present an explanation, claiming that this is the result of two different orientation mechanisms involving

elongational flow on the one side and “log-rolling” on the other.

B INTRODUCTION

Liquid crystalline elastomers (LCEs) are an interesting class of
hybrid materials that combine the entropy elasticity of polymer
networks (elastomers) with the ability of liquid crystals to self-
organize into ordered liquid crystalline phases.' > They consist
of a weakly cross-linked polymer network with mesogenic
moieties covalently attached to it. Two architectures are
possible:> either the mesogens can be part of the polymer
network (main-chain polymers) or they can be attached to the
polymer via a flexible spacer (side-chain polymers). Within a
certain temperature range, the mesogens self-organize in a liquid
crystalline phase (e.g., nematic, smectic). In the case of calamitic
nematics, they align with their long molecular axis parallel to each
other in a common direction defining the so-called director. This
mesogen alignment has a certain impact on the conformational
arrangement of the polymer chains. While they exist as more or
less spherical coils in an isotropic environment, the anisotropic
liquid crystalline environment leads to a deformation of the
individual coils. They can either stretch parallel to the director
(prolate chain conformation) or perpendicular to it (oblate
chain conformation) depending on the nature of the material.
This coupling between the polymeric and liquid crystalline
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components of the hybrid material gives rise to very interesting
properties. By inducing a phase transition of the mesogens
between the isotropic and liquid crystalline phases, the polymer
chains can be switched from a spherical to an anisotropic
conformation. Consequently, LCEs are stimuli responsive poly-
mers. Phase transitions can be triggered by various stimuli such as
heat,® '° UV-irradiation," ~** electric fields,"> or the presence of
asolvent.'® In elastomers (rubbers), in which the polymer chains
are linked to each other, the macroscopic shape of the material is
directly related to the conformation of the individual polymer
chain. Thus, as a result of a phase transition, the transition
between the two conformations will lead to a macroscopic
deformation of the material. This makes LCEs interesting as
materials for actuation systems.'” The first prerequisite for an
observable shape changing effect is that the polymer network
must be soft enough to respond to the change of the mesogenic
units. Consequently, it must be weakly cross-linked (but strong
enough to prevent a flowing of the chains), and the phase
transition must occur far above the network’s glass transition
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temperature T,. The second requirement for actuation is a
predominantly uniform alignment of the director over the whole
sample. In an untreated LCE sample, the size of one liquid
crystalline domain (e.g., the area with a uniform director) is in the
range of a few micrometers. If the sample is larger, many domains
of different orientations exist. They induce shape changes in all
directions, which compensate each other with no resulting
macroscopic deformation. To prepare large LCE samples with
actuation properties, the director therefore needs to be oriented
uniformly. The most convenient method of producing such a
sample of a so-called “liquid crystalline monodomain” is to
orientate the sample just before the material is cross-linked. In
this case, cross-linking permanently fixes the monodomain, and
the actuation process becomes reversible. Finkelmann was the
first to propose this concept and to fabricate monodomain LCEs
by the addition of mesogenic molecules and cross-linking groups
to polysiloxanes in a hydrosilylation reaction.'® The reaction was
performed in two steps, whereby mechanical load was applied to
the sample in the second step to induce director orientation. In
the following years, new materials as well as orientation techni-
ques have been developed.®> One of these new concepts is the
application of monomeric mesogens that contain polymerizable
functionalities."”*® These small molecule liquid crystals are easy
to align and can afterward be polymerized and cross-linked
radically in one step. This simple handling method allowed the
preparation of structurally defined actuators on a small size scale
such as pillars or cantilevers.”' >

In this article, we present the synthesis of oriented LCE
actuators by a microfluidic process. Microfluidics offers the
advantage that small objects with defined size and shape can be
prepared from many different materials.** > Additionally, the
flowing conditions in micrometer-sized channels can also be used
to induce an ordered director field orientation in liquid crystal-
line materials. This concept could be demonstrated in previous
publications.'®*” Now, we focus on the preparation of actuators
with different shapes, ranging from spheres to disks to highly
shape-anisotropic fibers. All samples showed a reversible shape
change, when they were heated from the liquid crystalline to the
isotropic phase. However, we found that differently shaped
particles showed unlike actuation behaviors. This led to the
assumption that we had prepared samples with different align-
ment patterns of the liquid crystalline director field. We could
confirm this speculation by determining the differently shaped
particle’s alignment patterns in a comparative X-ray diffraction
study. In the final part of this article, we present a theory, which
explains the origin of the differing alignment patterns based on
the flow conditions in the microfluidic setup.

B SYNTHESIS OF SHAPE-ANISOTROPIC ACTUATING
PARTICLES

The synthesis of shape-anisotropic particles by a microfluidic
approach has been a hot topic in the last years.** ' The typical
approach is to prepare spherical droplets from a polymerizable
material by one of the microfluidic techniques®*2° first and to
force them into an anisotropic shape by flowing them through
capillaries that have smaller dimensions than the droplets in one
or more directions. Simultaneous photopolymerization leads to a
solidification of the desired shape.

We have adapted this technique to allow the processing of
liquid crystalline materials. A schematic drawing of the experi-
mental setup is available as Supporting Information (S1). In a
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Figure 1. (i) Structure of the liquid crystalline monomer and the cross-
linking agent used as a material for the preparation of particles. (ii)
Schematic structure of the resulting liquid crystalline polymer. Note that
the mesogens (the director) and polymer chains are parallel to each
other. (iii) In-scale schematic of the polymerization of droplets from this
material moving inside a microtube. The tube’s inner diameter was
varied between 1000 (case a) and 250 um (case d), while the droplet
diameter was kept constant at 240 «m. During polymerization, this leads
to the formation of differently shaped particles resembling spheres, disks,
rods, and fibers, respectively. The scale bar corresponds to 200 um.

temperature-controlled reactor, we injected a polymerizable
liquid crystalline monomer through a thin needle into a coflow-
ing stream of silicone oil (continuous phase). This led to the
formation of equally sized monomer droplets, dispersed in the
continuous phase. This dispersion was tempered to the liquid
crystal’s nematic phase (thus allowing flow-alignment of the
mesogens) and was piped through a microtube (termed “polym-
erization tube” in the following) with varying inner diameters.
Depending on this tube’s inner diameter, the droplets obtained a
more or less anisotropic shape. While flowing, they were
polymerized radically by UV-irradiation, locking in the desired
shape as well as the mesogen alignment.

The chemical structure of the liquid crystalline monomer is
displayed in Figure 1i. It exhibits a nematic phase at a tempera-
ture between 72 and 98 °C."” To achieve network formation
during polymerization, we added 10 mol % of the cross-linking
agent hexandioldiacrylate (Figure 1i) as a comonomer. Addi-
tionally, 2 wt % of a photoinitiator (Lucirin TPO) was added.
The resulting mixture showed a monotropic nematic phase with
a clearing temperature of 80 °C. The polymerization was
performed at 65 °C (within the nematic phase), yielding a
nematic network with a glass transition temperature of 40 °C
and a transition temperature from the nematic to the isotropic
phase of 130 °C. Figure Lii shows the schematic structure of the
polymer backbone. Note that the polymer chains and the
director are always parallel to each other. Consequently, during
the phase transition from the nematic to the isotropic phase, a
contraction of the LCE material parallel to the director is
expected. The viscosities of the two phases were determined
by cone—plate rheology at the temperature of polymerization
(65 °C). They were 0.30 Pas for the monomer mixture and 0.49
Pas for the silicone oil. The surface tension between the two
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Side View

Figure 2. Microscopy images of four sets of particles polymerized inside
tubes with varying diameters. Samples a—c are shown from two different
perspectives. While sample a resembles a perfect sphere (front and side
views are identical), the side view on sample b reveals a disk-like appearance.
Sample c possesses a slightly irregular rod-shape, and sample d consists of
fibers with an aspect ratio of more than 25 (the complete length of 2 mm
could not be imaged). The scale bar corresponds to 100 um.

Front View

fluids was measured by the pending drop method and was
6.25 mN/m.

Co-flowing injection was performed at a flow rate of 1.90 mL/
h for the silicone oil and 0.01 mL/h for the monomer phase. This
yielded droplets with a diameter of 240 ym with a very low size
polydispersity (below $%). They were polymerized in four
different microtubes having inner diameters of 1.00, 0.75, 0.50,
and 0.25 mm, yielding four sets of particles, termed samples a—d.
An in-scale drawing of the space-situation during polymerization
is given in Figure liii.

B CHARACTERIZATION OF THE SAMPLES BY LIGHT
MICROSCOPY

The first step to characterize the samples was light microscopy.
To determine their three-dimensional form, the particles were
imaged from two different sides. To achieve this, they were
rotated on a glass slide manually with a thin needle. The
microscopy images are summarized in Figure 2. We found that
droplets polymerized in the tube with a diameter of 1.00 mm
remained completely spherical (sample a). Sample b was polym-
erized in the 0.75 mm tube. The particles show one spherical and
one oval side. Consequently, they must have a disk-like (oblate)
shape, with an axis of symmetry perpendicular to their flat side.
This shape could be confirmed by SEM measurements (see
Supporting Information S2). The polymerization inside the 0.50
mm tube (sample c) yielded prolate particles with an aspect ratio
of roughly 2 and low symmetry. They are rod-like but seem
slightly irregularly shaped. A further reduction of the tube’s inner
diameter to 0.25 mm finally yielded fiber-like structures like the
one shown in Figure 2d. Note that due to their length (2 mm)
they could not be imaged as a whole. It should also be noted that
their diameter (50 #m) is considerably smaller than the diameter

0V
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Figure 3. Shape-changing properties of two specimens of liquid crystal-
line elastomer particles. The samples were heated under a microscope
from the nematic phase (90 °C) to the isotropic phase (130 °C) and
were subsequently cooled back to 90 °C. The first row shows the
actuation behavior of a disk-like particle. With increasing temperature
(116 °C), it expanded perpendicular to its flat side, thereby passing
through a spherical state to become rod-like. Upon cooling, it regained
its disk shape. The sample in the second row was a piece from a fiber
sample. In contrast to the disk, it contracted during the phase transition.
When cooled back to the LC phase, it expanded to its original length,
thereby curling up due to friction with the substrate. The scale bar
corresponds to 100 #m.

of the capillary (250 #m diameter as compared to the diameter of
the undeformed droplets of about 240 um). Thus, they are not
elongated by simple confinement. From the sizes determined by
light microscopy, we calculated the volume of the differently
shaped particles. Within the accuracy of the measurement, it was,
as expected, equal for all four samples.

The trend shows clearly that decreasing the inner diameter of
the polymerization tube leads to an increase of the obtained
particle’s shape amsotropy This is in good agreement with work
performed by Guido.**

He studied the shape of droplets dispersed in a continuous
phase of equal viscosity while being sheared between two moving
plates. They found that the amount of deformation was depend-
ing on the level of confinement (the ratio between the droplet’s
undeformed diameter and the gap between the plates) and the
capillary number Ca, which defines the ratio between deforming
and retracting forces. It is given by Ca = 7V/y, with 77 being the
viscosity of the continuous phase, V the characteristic flow
velocity, and y the surface tension between the continuous and
dispersed phases.

In our case, a decrease of the polymerization tube’s inner
diameter increases both the level of confinement and the capillary
number (higher velocity for a given flow rate). The values for the
capillary number are for sample a, Ca = 5.4 x 10~ sample b,
Ca=9.7x10"% sample ¢, Ca=2.1 X 10" and sample d, Ca=8.7
x 10", In the case of the thinnest tube (sample d, 025 mm
diameter), the amount of shear applied on the droplets is even
higher than in the work presented by Guido. This resulted in the
formation of highly elongated droplets, whose shape was frozen in
by the polymerization, yielding the strongly shape-anisotropic
particles displayed in Figure 2.
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Figure 4. (a) Schematic drawing of the X-ray setup. The particles were
placed on adhesive stripes attached to a sample holder and aligned
manually in a specified direction. (b) To find the particles in the sample
holder, X-ray absorption scans were performed by moving the holder in
the y- and z-axes. The scan shows four spherical particles and one fiber.
(c) The diffraction patterns of all samples showed two broad reflexes.
The one at 7° corresponds to the mesogen’s length, while the signal at
21° reflects the lateral distance between the mesogens.

B ACTUATION PROPERTIES OF THE SAMPLES

In addition to their increasing amounts of shape anisotropy,
the four samples exhibit different degrees of symmetry. Sample a
possesses spherical symmetry. Samples b—d all have one axis of
rotation perpendicular to their circular sides. However, in sample
b this is the short axis (it is an oblate), and in samples c and d it is
the long axis (prolate). It is a nearby consideration that these
samples would show different actuation behaviors during the
phase transition.

This could be confirmed by heating experiments. Single
particles were dispersed in a drop of silicone oil and were heated
under the microscope from 90 °C (nematic phase) to the
isotropic phase (130 °C) and were afterward cooled back into
the nematic phase. Thereby, all samples showed a change in
shape, taking place over a temperature interval of about 20 °C.
Upon cooling, the effect was reversed. The results for samples b
and d are presented in Figure 3. The spheres (sample a) showed a
deformation into a prolate shape, as previously reported.”” The
disks (sample b) elongated along their short axis (primal length:
190 um), parallel to their rotational axis (Figure 3, first row). At
116 °C, they passed through a transition state where they were
almost spherical before obtaining a stretched, cigar-like shape at
130 °C. In this state, the observed axis had a length of 340 um,
corresponding to an increase of 80%. During cooling, the
deformation was completely reversed. The rod-like particles
from sample ¢ showed a less pronounced and slightly irregular
shape change, indicating that they possessed a poor internal
orientation. Finally, the fiber-like sample d showed the most
spectacular deformation. The lower part of Figure 3 displays the
heating experiment performed on a sample cut out from a single

fiber. Unlike the disks, the fibers contracted in the direction of
their rotational axis during heating. In the example shown in
Figure 3, the fiber’s length changed from 940 to 380 xm, which
corresponds to a decrease in length of 60%. When cooled, the
fiber expanded again, but curled up on the substrate. This is due
to friction between the sticky material and the glass substrate. We
repeated the same experiment with a shorter piece of the fiber
and observed a fully reversible actuation (see Supporting In-
formation S3).

The different actuation behaviors of the disks and the fibers
indicate that the two samples possess different alignment pat-
terns of the mesogens within their geometry. Because of the
curvature and small size of the particles, the mesogens cannot be
arranged in a classical monodomain, as it is observed for
macroscopic samples.*'®** In former publications on small
droplets of liquid crystals, several possibilities to arrange a
director field in a confined geometry have been described.”* ¢
Examples are bipolar, axial, and concentric configurations.

B DETERMINATION OF THE PARTICLE’S DIRECTOR
ALIGNMENT BY X-RAY DIFFRACTION

A suitable method to determine the director orientation of a
nematic liquid crystal is wide-angle X-ray scattering (WAXS).
Aligned nematics typically show two intensity maxima in the
diffuse wide angle signal orthogonal to the director.*” This then
allows the orientation of the director to be determined. Figure 4a
shows a schematic drawing of the scattering experiment per-
formed on single particles. They were placed on low-scattering
adhesive stripes and were aligned in a certain direction manually
under a microscope. The setup allowed a vertical and horizontal
movement of the sample holder. To locate the particles, two-
dimensional scans of the substrate were performed (Figure 4b)
whereby they became visible as areas with increased scattering
intensity. The particles were centered inside the X-ray beam,
which had a diameter of 250 #m. The scattering signal was then
accumulated for 60 min. Figure 4c shows the scattered intensity
profile along the scattering angle 20. As expected for nematics,
two diffuse maxima in I(20) were found. They correspond to the
periodicities along and normal to the director, which are related
to the length and the width of the mesogens.”’

Figure S shows the results of three scattering experiments. It
displays each scattering pattern as received by the detector, the
alignment of the particles relative to the beam, and the integrated
intensity I(y) obtained by radial integration over the wide-angle
arc. The first experiment (a) was performed on a disk-like particle
that was placed with its side facing the X-ray beam. The diffuse
wide-angle halo showed two areas of increased diffraction
intensity at the meridian. Correspondingly, the plot of the
integrated intensity versus the angle ) shows two maxima. In a
second experiment, the particle was turned in such a way that its
flat side faced the X-ray beam (b). In this case, the diffuse halo
had a constant brightness. The plot of the integrated intensity
versus angle ¥ is a flat line. The fibers were measured from the
side only and showed an X-ray pattern similar to the side view of
the disks with two maxima at the meridian (c).

From the maxima in the diffuse wide angle reflection, we
concluded that both the disks and the fibers possess a regular
orientation. However, the patterns also prove that the director
field orientation of the two samples is completely different. For
disk-like particles, the director is oriented in the plane of the disk,
which is perpendicular to the symmetry axis (short axis of the
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Figure 5. Results of X-ray diffraction experiments performed on a disk- and a fiber-like LCE sample. The microscope images of the samples indicate
their alignment toward the X-ray beam, which runs perpendicular to the paper plane. The intensity I() was obtained by radial integration over the wide-
angle regime from 26 = 12.6° to 24.9°. If the X-ray beams hit the disk from the side (a), the plot showed two intensity maxima perpendicular to the
particle’s long axis. The same particle, measured from its flat side (b), showed a pattern with no maxima. Fibers were measured perpendicular to the beam

only and thereby showed two maxima perpendicular to their long axis.

Figure 6. Schematic drawing of the director field orientation in disk-
and fiber-like LCE particles. In the disks (a), the mesogens are aligned in
concentric rings around the particle. These rings become smaller and
smaller inside the particle, ending in a defect axis in the middle. The
fibers (b) have a bipolar orientation with all mesogens aligned parallel to
the fiber’s long axis. This defect-free configuration leads to the drastic
shape changes observed in these samples.

disk). For the fibers, the director is oriented parallel to the
symmetry axis (=fiber axis). In more detail, for disks, the
mesogens are aligned in concentric rings (Figure 6a). These
rings become smaller inside the particle and end in a disclination
axis. When scattering is performed on such a particle from the
side (Figure Sa), regions with the director perpendicular to the
X-ray beam (central regions) and parallel to it (side regions of the
oblate object) are seen simultaneously. This leads to the super-
position of an X-ray pattern with clear maxima (X-rays perpen-
dicular to the director) and a pattern with a uniform scattering
intensity (X-rays parallel to the director), and such a pattern is
shown in Figure Sa. If the X-rays hit the particle from the top, the
director is perpendicular to the beam, but it takes all possible
orientations in the plane of the disk. This results in an equal
intensity distribution over all angles y (see Figure Sb). For the
fibers, the situation is less complex. The director is aligned

parallel to the fiber’s axis in a bipolar arrangement (sketched in
Figure 6b). This orientation leads to a selective scattering at the
meridian as it was previously reported in the literature for
oriented films and thicker fibers.'®**

As the LC-polymer used for this investigation is known to
shrink parallel to the director during isotropization'®'? (and
Figure 1ii), this difference in orientation perfectly explains the
difference in shape change. The fibers contract along the fiber
axis, which is parallel to the director, and the disks expand parallel
to their short axis, because they shrink in the plane of the disk
(along the director), and so they have to expand perpendicularly
to keep a constant density.

Bl MECHANISMS OF ORIENTATION

This difference in orientation raises the question of how the
“flow alignment” of the liquid crystalline material within the
microfluidic device works. It seems reasonable that, depending on
the flow conditions, two aligning mechanisms are possible. The
first one takes place at low amounts of shear (small Ca, samples a
and b) and leads to an escaped concentric alignment of the
mesogens with the director perpendicular to the flow direction.
The second one occurs at high shear rates (large Ca, sample d)
and aligns the mesogens parallel to the flow (the fiber axis) in a
bipolar fashion.

We assume that both mechanisms take place while the mono-
mer is polymerizing, and the viscosity strongly increases. In this
context, it has to be considered that the polymers subjected to the
orientational processes are side-on polymers. Concerning chain
anisotropy, these systems resemble LC-main chain polymers.***
Consequently, they should have a similar orientation behavior.
Considering this, the origin of the orientation in the fibers is
straightforward. Polymerization at a high capillary number leads to
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Figure 7. Schematic drawing of the “log-rolling” orientation. The liquid
crystalline droplet is moving in the microtube. The oil flow induces a
flow and backflow pattern within the fluid material. The velocity axis is
vertical, the shear gradient is horizontal, and the vorticity axis (director)
goes out of the image plane.

an elongational flow, which is generally very effective in orienting
polymers and especially LC-main chain polymers parallel to the
fiber axis.*"** It should be mentioned in this context that elonga-
tional flow is the dominant process during the spinning of fibers,
which is “the method” to prepare highly oriented polymer samples.
Thus, the observation that the director is parallel to the fiber axis in
the LC-elastomers (sample d) is reasonable.

The origin of the concentric (or escaped concentric) config-
uration in the only slightly anisotropic samples (a and b) is more
subtle. We assume that the flow of the continuous phase around
the droplets induces stationary flow patterns inside the droplets
(see Figure 7). This produces shear flow within the material. In
addition, photoinduced polymerization sets in, which creates the
first LC-polymers.

Besides shear alignment, shear flow can also lead to an
orientation along the vortices axis as a result of “log-rolling”.**~*
That is, the director orients perpendicular to both the flow
direction and the shear gradient. This orientation is especially
found for small shear gradients and conditions, where entangle-
ments are not yet very effective.** We speculate that these are just
the conditions present in the particles at the onset of photopo-
lymerization. Therefore, we observe “log-rolling”, leading to an
orientation of the director perpendicular to the flow field and thus
directly to the observed concentric orientation. Later, cross-
linking freezes this orientation permanently.

Il CONCLUSION

Systematic exploitation of these different orientation mechan-
isms thus allows preparing two orthogonal types of actuators
from the same material in the same process. The first type shows
an expansion during the phase transition, while the second one
shows a contraction. This is interesting both from the point of
view of fundamental science as well as for practical applications.
The concept of coupling one actuator with a second one, acting

in the opposite direction, is also found in natural muscles
(antagonists). Combining actuators of the two types introduced
in this article mimics this concept. Within a micro electro
mechanical system (MEMS), such an assembly could, for
example, be used to move one part of the system back and forth.

B ASSOCIATED CONTENT

© Ssupporting Information. Additional figures: S1 shows a
schematic drawing of the microfluidic setup utilized to prepare
the structures presented in this article. S2 shows a scanning
electron microscopy photograph of a disk- or pumpkin-like
particle. S3 shows an additional actuation experiment performed
on a shorter part of a fiber sample. It demonstrates that the
actuation is reversible in this case. This material is available free of
charge via the Internet at http://pubs.acs.org.
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