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Abstract: Local illumination with a light beam leads to thermo-orientational processes in a frustrated
chiral nematic film with a free surface. Light-induced hydrodynamic flow and orientational structure
create an adaptive platform for the collection, translation and rotation of suspended spherical
microparticles. The demonstrated approach has potential applications in soft robotics, micro-object
delivery systems, and other micro- and nanotechnologies.
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In the early 2000s, an interest arose in the manipulation of micro- and nanoparticles
using liquid crystals (LC), which continues today [1]. This happened due to both the general
development of micro- and nanotechnologies in many areas of industry that require precise
control of the particle position in the material being designed, their guided assembly and
disassembly, and the high responsiveness of the orientational structure of liquid crystals to
weak external influences [2]. Microscopic objects can effectively be caught up by the flow of
a conventional fluid due to the hydrodynamic effects; while in liquid crystals, the direction
of particle motion is additionally regulated by the director field due to the coupling of
hydrodynamic and orientational effects [3]. Furthermore, micro- and nanoparticles in LCs
readily stick to topological defects, such as disclination lines, or can be trapped by defect
structures, such as skyrmions, reducing the total free energy of the system [1]. On the
other hand, the liquid crystal orientational structure can be effectively manipulated by
external electric and magnetic fields applied to the LC sample, light irradiation, geometric
confinement and alignment conditions. Thus, it looks like it is rather easy and reasonable
to create a liquid crystal platform—a smart driver of microparticle behavior.

In the field of microscopic object manipulation, a lot of attention has been paid to
the electrically induced transport phenomena in nematic liquid crystals, based on elec-
trophoresis and electro-osmosis, electrohydrodynamic convection or backflow powered
by director reorientations [4-7]. The presence of either artificially placed or self-generated
wall defects allows the microparticles to exhibit a rich set of motions and provide control
of their velocity [8,9]. A biotechnological approach involves the use of living liquid crys-
tals, namely swimming bacteria placed in a passive lyotropic chromonic LC and pushing
cargo along the trajectory defined by the nematic LC director field [10,11]. However, one
could easily imagine a situation where neither the presence of electrical wires nor living
objects are suitable for the technology. In this case, the solution may be to remotely control
the properties and structure of the liquid crystal by light. The photo-patterned surface
alignment [12], which can also be combined with an applied electric field [13], allows
one the self-assembly, dynamic behavior and translation of colloids. Another interesting
technique lies in designing a self-propelled microparticle by light-induced isomerization
of photoresponsive dendrimer molecules adsorbed at the cargo surface [14]. The use of
laser traps inducing an optothermal effect is also effective for colloid manipulation [15];
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however, this approach requires precise positioning of the laser beam with respect to the
microparticle position or even its well-defined movement [16,17]. In chiral nematic LCs,
light-induced topological solitons can involve nearby micro-objects in motion [18] and are
themselves involved in motion by them [19].

A rather unexplored research area is related to the use of an open-surface LC film as a
transport platform for microparticles. Light-controlled reorganization of a chiral nematic
LC film doped with photoresponsive chiral molecules can provide both rotational and
translational movement of an embedded micro-object lying on top of an open surface [20,21].
The cargo rotation can also be detected in a free-surface nematic LC film under laser-induced
deformation, which causes a thermocapillary flow [22]. This research line remains very
intriguing since the absence of a top glass substrate that fixes an LC film should contribute
to achieving the highest speed of microparticle transport.

Here, we present an experimental study aimed to demonstrate the microparticle
manipulations by light-induced orientational and hydrodynamic processes in an LC envi-
ronment caused by the action of a laser beam on the frustrated chiral nematic film with a
free surface.

To prepare a chiral nematic liquid crystal, the E7 nematic host was doped with 0.2 wt %
of the 51011 chiral agent forming a left-handed twist (E7 and 51011 were provided by
Synthon Chemicals GmbH & Co. KG, Bitterfeld-Wolfen, Germany). The undeformed
cholesteric pitch p = 15 um was measured by the droplet method [23]. The mixture was
deposited onto the indium tin oxide (ITO) coated glass plate to obtain homeotropic anchor-
ing and sufficient wettability, allowing LC to form a relatively thin and stable film [24].
Homeotropic anchoring was also provided spontaneously at the LC-air interface. Thus,
in the areas where the LC film thickness L was less than p, the homogeneous untwisted
director field was formed, but its orientational structure could be perturbed by the action
of a light beam (Figure 1a). In microparticle manipulation experiments, spherical polymer
particles with a diameter of d = 5.5 pm (SP-2055, Sekisui Chemical Co., Ltd., Tokio, Japan)
dissolved in ethanol were randomly spread onto the glass plate. After ethanol evaporation,
an LC layer was deposited on top.

The experimental setup consisted of a continuous-wave laser (SSP-LN-532-FN-300-0.5-
LED, CNI, Changchun, China) with the irradiation wavelength A = 532 nm, a mechanical
shutter, and a 75 mm focusing lens (Figure 1b). After focusing the linearly polarized (along
X axis) laser beam onto the sample, the beam waist wy = 26 £ 5 pm was measured using
the “knife-edge” method [25]. The beam power was measured by a 3664 Hioki power
meter (PM). An imaging circuit consisting of an LED with maximum emission intensity at
620 nm, a red color filter (KS10) that absorbs laser irradiation at 532 nm, and a high-speed
USB camera with a 16x objective was implemented into the optical setup. The imaging
configuration allowed us polarized optical microscopic (POM) observations of liquid crystal
textures in crossed or parallel polarizers. The shutter and USB camera were synchronized
and controlled by a PC.
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Figure 1. Schematic representation of the LC orientation upon light beam irradiation (a). The dashes
and nails show the orientation of the local director; the blue lines show convection flows with velocity
V in the XZ plane. Scheme of the experimental setup (b). S—shutter; L—lens; GP1, GP2—glass
plates; PM—photodiode optical power meter; P and A—polarizer and analyzer; F—red color filter;
LED-1—light emitting diode.
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As is known, the light beam passing through an LC sample with an ITO-coated glass
substrate is partially absorbed by the ITO layer (~3% of incident power [24]). A local
increase in temperature leads to at least two processes: the pit formation due to the thermo-
capillary effect [26] and the temperature-induced deformation of the director field [24,27].
These two processes in a free surface LC film are responsible for the twist director field exci-
tation similar to that induced by direct or indirect light beam action [28-30]. The maximum
temperature increase is estimated as AT = AP/ (mxwo) [31], where AP is the absorbed
power and x = 10 mW /cm °C is the thermal conductivity coefficient of a glass substrate
and can reach several tens of degrees in our case. Note that the optical reorientation in the
chiral nematic layer can occur because of the dielectric anisotropy at light frequency [32,33].
The laser beam intensity ~1 kW/cm? used in our experiment is applicable for direct direc-
tor reorientation in the LC cell with L = 150 um [34], but this effect is negligible in nematic
films, which are one order of magnitude thinner because the energy of elastic deformation
is proportional to 1/ 12,

We irradiated the chiral nematic free-surface sample in the area where the cholesteric
helix is suppressed but in the vicinity of a finger defect, which ensures the metastability of
the frustrated state (Figure 2, upper right corner). At the first stage of light illumination with
a laser beam power of P = 43 mW (peak intensity is [ = 2P/ wwy* = 4.1 kW/cm?), the Mal-
tese cross pattern is observed with crossed polarizers similarly to a nematic free-surface
film [24]. This corresponds to a radial reorientation of the director with the formation
of an umbilical defect [27]. After ~50 ms of light irradiation, the orientational structure
begins to twist, demonstrating a local winding of the cholesteric helix. The cross-polarized
optical view of the emerging pattern resembles an individual cholesteric finger loop with
27 director twist, which was observed in a chiral nematic sample with ITO-coated glasses
upon local optical realignment and laser-induced heating by a focused light beam [35].
The twisted orientational structure becomes fully developed after a few hundred millisec-
onds and can only grow slightly thereafter. In the absence of irradiation with a light beam,
it relaxes back into the frustrated state in the same couple of hundred milliseconds.

t=0ms t=6ms t=12ms t=50ms t=370ms t=1000 ms

t=0ms ¢t=6ms t=18ms t=40ms t =254 ms t_=2000ms

rel— rel ™ rel ™ rel™ rel ™ rel —

Figure 2. POM images with crossed polarizers of the irradiated area at different time moments ¢ and
tye; during and after exposure to the laser beam with a power of P = 43 mW.

The steady-state deformation of the director field is usually achieved after a couple
of minutes of laser beam irradiation and depends significantly on the light intensity I.
The sharp Maltese cross pattern is observed when the light power exceeds 15 mW. A bright
circular pattern appears at 24 mW and becomes larger as the light power increases further
(Figure 3). The deformation area is comparable to the laser beam waist at relatively low
intensities but becomes several times larger with the development of the liquid crystal
twist configuration.
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Figure 3. POM images with crossed polarizers of the exposed LC areas after ~2 min irradiation with
the laser beam of different power P.

In the LC sample doped with polymer microparticles, the light-induced formation
of the orientation structure leads to the microparticle trapping and transports from its
periphery to the central area (Figure 4a). A number of microparticles can be collected
by moving the LC sample along the X-axis. At a sufficiently high power of the laser
beam (>42 mW), the microparticle cluster shows off-axis rotation around the center of the
twisted structure. The angular velocity depends linearly on the beam power (Figure 4b),
demonstrating the conversation of light energy into mechanical work. The Supplementary
Video S1 taken with parallel polarizers shows the trapping, transport and beginning of
microparticle rotation when a frustrated area of the chiral nematic is illuminated by the
laser beam with P = 51 mW. The Supplementary Video S2 shows the steady-state off-axis
rotation of the microparticle cluster at the laser beam power of P = 96 mW.
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Figure 4. Optical view of the irradiated area with randomly distributed spherical polymer particles

v, rad/s

in the presence of the analyzer at different exposure times ¢ with the laser beam of P = 96 mW (a). The
position of the moving particle is marked with yellow arrows. The textures in the lower part of each
image correspond to the area of cholesteric finger defects. The microparticle is trapped and moves
to the center of the orientation twisted structure along an arc trajectory. Linear dependence of the
angular velocity on the laser beam power (b).

Our experiments seem to show that effective particle transport can only be achieved
at a certain ratio of the size of the twisted structure and the particle diameter. For larger
microparticles with a diameter of d = 8.5 um embedded in the chiral nematic LC with the
cholesteric pitch p = 15 pum, the transport effect is suppressed. For the same microparticles
in the chiral nematic LC with the cholesteric pitch p = 25 um, the effect is weak for any
thickness of the LC layer from 0 to 25 um, and even more, it looks like a pushing of
microparticles from the irradiated area prevails.

We propose the following explanation of the effects observed. As it is known, hydrody-
namic flows and the LC director field deformation are coupled to each other [3]. The pit in
the LC film, induced by thermocapillary forces due to the light absorption by the ITO layer
and the corresponding temperature gradient, is further supported by convection flows with
a velocity field in the form of closed lines (Figure 1a). However, while the hydrodynamic
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flow can be easily established near the free surface of the LC film, the flow near the solid
bottom substrate is limited by the positional anchoring of LC molecules. The velocity flux
out of the center of the light-induced pit should be compensated by the reversed one, which
is supposed to be responsible for the microparticle collection and motion. At the same time,
local defrustration of the LC film leads to the twisted orientational structure that directs the
microparticle movement along a curved trajectory in the XY plane. The rotation direction
of a microparticle cluster is determined by the twist of the orientational structure. Of course,
specific mechanisms of microparticle transport due to hydrodynamic flows coupled with
twisted configurations of the director field require further study.

The modest values of the angular velocity (Figure 4b) are understandable when taking
into account that a whole cluster of microparticles rotates. These values should become
higher in the case of single microparticle rotation, similarly to [22]. On the other hand,
we demonstrate the principal possibility of manipulating a microparticle cluster due to
the combined action of hydrodynamic effects and twisted orientational structures, while
previously, the local chiral patterns were used only to control the behavior of a single
cargo [18,19]. Further development of the presented approach will contribute to the im-
plementation of high-speed transportation of a single micro-object using a light-controlled
soft platform for various technological applications that require smart delivery systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ cryst12040549 /s1. SM1 video demonstrates the possibility of the
microparticle transport and rotation when a frustrated area of the chiral nematic is illuminated by the
laser beam with P = 51 mW, SM2 video shows the steady-state rotation of the microparticle cluster at
the laser beam power of P = 96 mW.
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