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Reversible switching of liquid crystal micro-particles
in a nematic liquid crystal’

Koki Imamura,® Hiroyuki Yoshida,** and Masanori Ozaki®

Liquid crystal micro-particles are functional materials possessing optical and dielectric
anisotropies originating from the arrangement of rod-like molecules within the particles. Although
they can be switched by an electric field, particles dispersed in isotropic hosts usually cannot
return to their original state, because there is no restoration force acting on the particles. Here,
we describe reversible switching of liquid crystal micro-particles by dispersing them in a nematic
liquid crystal host. We fabricate square micro-particles with unidirectional molecular alignment
and investigate their static and dynamic electro-optic properties as an in-plane electric field is ap-
plied. The behavior of the micro-particles is well-described by the theoretical model we construct,
making this study potentially useful for the development of liquid crystal-liquid crystal particle

composites with engineered properties.

1 Introduction

Liquid crystal (LC) micro-particles are attracting growing inter-
est and have been studied in hope of developing advanced ap-
plications. LC particles are fabricated by polymerizing rod-like
molecules in the liquid crystalline state; the anisotropy of the rod-
like molecules is retained in the polymerized particle, thus result-
ing in functional particles possessing the properties of LCs. To
date, LC particles with various shapes or interior molecular align-
ments have been fabricated through different bottom-up meth-
ods. '™ Moreover, their switching behavior upon applying opti-
cal®>=? or electrical 1912 stimuli have been reported. Most stud-
ies to date, however, focus on systems in which the LC particles
are dispersed in an isotropic host. While LC particles can rotate
with sub-ms to ms switching times in non-viscous, isotropic hosts,
switching is one-way, i.e., the particles cannot be switched back
to their original positions, because an isotropic host exerts no
restoration force, and electrostatic torque is proportional to the
square of the field (i.e., changing the polarity of a field does not
reverse the switching direction). Consequently, complicated elec-
trode structures are required to reversibly switch LC particles in
an isotropic host, which is a drawback for the applications of these
materials.

In this paper, we demonstrate reversible, electric-field-induced
switching of anisotropic LC micro-particles in a nematic LC host.
Square micro-particles with unidirectional molecular alignment
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are fabricated via two-photon excited direct laser writing, 1416

dispersed in a low-molecular-weight nematic host, and driven
by an electric field applied in the in-plane direction of the cell.
Surface anchoring on the particles induces a twist distortion in
the host LC director when there is a mismatch in the orienta-
tion direction, and generates an elastic torque which causes the
particle to rotate in the direction reducing the mismatch. We
had previously demonstrated spontaneous rotation of LC parti-
cles at the isotropic-nematic transition of the host LC; 14 however,
the switching speed was slow (~30 s), and electric-field-induced
switching had not been performed. Here we show through ex-
periment and theory that the particles can be switched reversibly
in a nematic LC host, and that the particle size and host viscosity
greatly impact the response speed, with response times of a few
100 ms, which is faster than the previous study by more than a
factor of 100, being achieved using a particle with side of 10 um.
This new material system may lead to new electro-optic devices
such as bendable displays and e-papers.

2 Experimental

2.1 Sample Fabrication

The LC particles were fabricated from a commercial reactive
mesogen (Merck, RMS03-013C) containing a photoinitiator (TCI,
2-Benzyl-2-(dimethylamino)-4’-morpholinobutyrophenone) at a
concentration of 2.8 wt%. The sample showed the nematic phase
below 58 °C, including room temperature. The material was in-
jected in a 12-pum-thick glass sandwich cell coated with polyimide
(JSR, AL1254), and after confirming uniaxial orientation, placed
on a commercial laser scanning microscope system (Carl Zeiss,
LSM 510) to perform two-photon excited direct laser writing. 17
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Because photo-polymerization occurs only in the vicinity of the
laser focus, three-dimensional objects can be fabricated within a
photopolymerizable resin. 100 fs pulses of an Ti:sapphire laser
(Spectra Physics, Maitai) at wavelength 800 nm and a repetition
rate of 80 MHz were tightly focused by an oil-immersion objective
lens (x63, NA 1.4), and scanned over a square area, such that
the LC orientation would be along the diagonal of the particle.
Particle fabrication was performed at a laser intensity of 4.3 MW
cm~2 and scan speed of 9 ps um~!, which yielded particles with
a height of approximately 3 um (confirmed from laser scanning
microscopy). After microfabrication, the residual reactive meso-
gen was removed by placing an absorbent paper, and then mixed
with a nematic LC (Merck, 5CB). Removal of the reactive meso-
gen was confirmed by checking the clearing point (35 °C) of the
5CB. The material was sandwiched between a 5-um-thick sand-
wich cell composed of a substrate possessing interdigitated ITO
electrodes with spacing of 60 pm and bare glass. The substrates
were coated with the same polyimide as for the cell prepared for
the fabrication of particles, and rubbed unidirectionally at an an-
gle of 45 © to the electrodes.

2.2 Electro-optic measurements of particles

Sample observation was performed on a polarized optical micro-
scope (POM; Nikon, Eclipse IV100-POL) equipped with a com-
mercial hotstage (Linkam, LTS420) set at 27 °C. A square wave
electric field with frequency of 10 kHz was applied between the
interdigitated electrodes and the response of the particles was
recorded with a digital camera. The dynamic response of the
particles was measured by inserting a band-pass filter (A = 550
nm, AA = 40 nm) in the optical path and measuring the change
in output light intensity with a photomultiplier tube. A 200-pm-
core optical fiber was used in conjunction with an x 100 objective
lens, corresponding to a spot diameter of approximately 2 um.
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Fig. 1 Schematic of the experimental configuration for observing the
electric field response of particles.

2| Journal Name, [year], [vol.],1-6

\\Electrode

Electric
field

Rubbing
direction

1.0 V/um

0.5 V/um 0.6 V/um

Fig. 2 Schematic (top-left) and POM images (others) of a 20 um
particle under different electric fields. The arrows labeled P, A, and R
indicate directions of the polarizer, analyzer, and rubbing, respectively.

3 Results and discussion

3.1 Static properties of field-induced particle rotation
Figure 1 depicts the experimental configuration. Square-shaped
particles with interior molecular alignment along the diagonal are
floating in a sandwich cell with unidirectional LC alignment. The
direction of the alignment is at 45 ° to the electrodes. Figure
2 shows the POM images of a 20 um particle dispersed in the
5CB host. The direct laser writing process enables particles with
uniform interior orientations to be fabricated, which allows us to
obtain colloidal dispersions without any topological defects. The
slight distortion in shape of the resultant particle is caused by
the anisotropic shrinking of the liquid crystalline polymer upon
photopolymerization. '8 Without an electric field, the LG particle
spontaneously orients as to match their interior alignment along
the rubbing direction.* When a square wave electric field is ap-
plied between the electrodes, the LC particle rotates so that the in-
terior molecular alignment gradually becomes parallel to the elec-
tric field. The rotation angle is dependent on the field strength,
as shown in Fig. 2. The host LC in the surrounding also changes
color with the electric field, owing to a change in retardation.

Figure 3 shows the applied field dependence of the normalized
orientation angle of the particles, 8/0max, Where O, is the max-
imum displacement angle (=45 °). The angles were measured
from POM images acquired 1 min after the application of a field,
to ensure that they were at equilibrium. As can be seen from Fig.
3, 0 increases monotonically as the electric field becomes stronger,
and reaches B, at approximately 0.7 V um~! regardless of size;
the 10 um particle behaves differently from the others at low elec-
tric fields, but the behavior becomes similar for all particles above
approximately 0.3 V um~!.

We construct a theoretical model to understand the behavior
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Fig. 3 The rotation angle of the particle as a function of the applied
electric field. The black lines are theoretical fits employing with various
€, values, and the pink-purple line is the theoretical rotation angle of the
host LC in the middle of the cell.

in more detail. We assume that the LC particle is positioned at
the middle of the cell and that no translational motion occurs.
An in-plane electric field causes the LC particles to rotate owing
to the electrostatic torque generated by the dielectric anisotropy
of the LC particles. As the particle rotates, strong anchoring on
the particle surface induces twisting of the host director between
the substrate and the particle, which in turn generates an elastic
torque to decrease the twist angle. Director deformation mainly
comprising splay occurs in the lateral direction of the particle, but
considering that the area over which such a deformation occurs
is small compared to the particle size (for example, the host LC
surrounding the particle appears almost uniform in Fig. 2), we
ignore this contribution to simplify the analysis. The equilibrium
angle upon applying a field can then be calculated as the angle
that minimizes the free energy, G(0), given by the sum of the
elastic energy of the host LC and the electrostatic energy of the

particle:
d—h 2
2 1 do 1 o .
=2 —Kp|— | —= E 2
G(9) /0 (2 22 (dz) 4€0€LC sin (p) dz
M
1 2, .
*ZSOSpE hsin?26.

Here, d is the cell-gap, & is the thickness of the particle, K, is
the twist elastic constant of the host, ¢(z) is the twist angle distri-
bution of the host, € is the permittivity of free space, g ¢ is the
dielectric anisotropy of host LC, E is the applied field strength,
and ¢;, is the dielectric anisotropy of the particle. For a particular
value of E, the combinations of ¢(z) and 6 which minimize G(6)
under the boundary conditions ¢(0) =0 and ¢ ((d — k) /2) = 6 are
determined. The black lines in Fig. 3 show theoretical fits with
various €, values. Taking K» = 3.7 pN1? and & ¢ = 1220 for 5CB,
it is found that the best fit is obtained for €, = 5.0. This value is
larger than the value previously reported for the photopolymer-
ized nematic LC film (0.521), but since this value is smaller than
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that of 5CB, we attribute this result to the host LC molecules in-
filtrating inside the particle. Such a phenomenon has also been
reported by another group who studied the behavior of LC micro-
spheres fabricated by microfluidics. 22

The orientation angle of the host LC at the center of the cell
(in the absence of particles) can be calculated using a similar ex-
pression as eqn (1) but ignoring the energy contribution from the
particle. Its field dependence is drawn in pink-purple in Fig. 3.
The results show that for a particular applied field, the rotation
angle of the particle is always smaller than the rotation of the LC
molecules without the particle, and that the difference between
the two angles is greater at small to intermediate (the difference
is greater than 50 % of the maximum difference between 0.06
and 0.38 V um~!) electric fields. Considering that this difference
contributes to the director deformation in the lateral direction of
the particle, and that the contribution of this deformation to the
free energy is greater for smaller particles, we suspect that the de-
viation of the behavior of the 10 um particle from the theoretical
curve at low electric fields is due to the non-negligible contribu-
tion of the lateral deformation.

We comment on the presence of a threshold in this system. The
host LC where the particle was absent showed a threshold behav-
ior at an electric field of ~ 0.16 V um~! (Supplementary Fig. 1).
As for the particles, theoretical calculations indicate that the free
energy reduced by the particle rotating in the direction of field
is always greater than the increase in free energy due to the in-
duced twist distortion of the host director; i.e., the particles can
rotate without a threshold (Supplementary Fig. 2). Rotation oc-
curring at low fields, however, is very small (for example, < 0.3 °
or 0/6max = 0.0067 below 0.02 V pm~!) and was not observable
in experiment; rotation was clearly observed at fields higher than
the threshold of the host. For practical purposes, therefore, we
may say that these particles also show a threshold-like behavior
at the threshold of the host LC.

3.2 Dynamic properties of particles

We now turn to the dynamic properties of the particles. Figure
4 shows typical transient response curves of a LC cell contain-
ing a 10 um particle upon application and removal of an electric
field (1.0 V um~!). The motion of the particle recorded by a
video camera is shown in Supplementary Movie 1. The obtained
response consists of two components: a fast component corre-
sponding to the host LC and a slower component corresponding
to the particle. It is found that for all particles sizes investigated, a
double exponential function can satisfactorily describe the exper-
imental response curves, as shown in Fig. 4. The response time of
the LC particles is estimated from the time required for the slow
component to rise or fall exponentially through 90% of the total
process. The field dependence of the response time is evaluated
and compared with that of the host LC, which is measured where
the particle is absent.

Figure 5 shows the applied field dependence of the response
times for particles with different sizes. It is seen that the rise
time decreases monotonically with the electric field, while the
decay time is almost constant; these characteristics of particles is
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Fig. 4 Transient response of cross-polarized transmittance for a 10 um particle upon (a) applying and (b) removing an electric field (1.0 V um~1).
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Fig. 5 Electric field dependence of response times for LC particles with
different sizes upon (a) application and (b) removal of field.

similar to those of pure 5CB, which is also plotted in Fig. 5. The
response becomes faster as the particle size becomes smaller for
both on and off processes, and approaches the response of the
host LC.

To understand this behavior theoretically, we consider a one-

4] 1-6

dimensional model similar to the one constructed for the static
response, but this time assume an effective viscosity for the host
to investigate the dynamics. The optical response is simulated
by calculating the time-dependent director distribution of the
host LC, and then calculating the cross-polarized transmittance
for light with wavelength of 550 nm by Jones calculus. The
Euler’s equation of motion of particles is given by I8 = T — Fp,
where [ is the moment of inertia, T is the torque and Fp is
the viscous resistance. For the particles in this case, I = pI*h/6,
Fp = (2Mefrl*/3(d — 1))6 and

o | % [1 do\? 1
— _9j2 - __ 2
T=-2I 30 |:/0 <2K22<dz> 4808LcE sin2¢ | dz
(2)

1
+§808pE212hcos 26,

where p is the density of particles, [ is the length of a side of
particles, and 1. is the effective viscosity of 5CB. The best fit is
obtained for neg = 32 cP, which is similar to the Miesowicz vis-
cosities, 1;_3, reported in literature (~10'—102 cP).%3 As shown
in Fig. 5, the theoretical curve can describe the response times for
all three particle sizes investigated here (see also Supplementary
Fig. 3). Similarly, the response of the host LC can be reproduced
by employing a rotational viscosity of y; = 100 cP, which is com-
parable to the reported value in literature (~ 80 cP).%3

The analyses performed here have some limitations such as that
it is one-dimensional, flow is not incorporated, and the response
of the LC in the vicinity of particles is assumed to be much faster
than that of the particle. Modeling the director field based on
the Landau-de Gennes theory, considering flow effects, and si-
multaneously solving the motion of the host LC and the particles
will possibly help improve the accuracy of the fits. Nevertheless,
the model works satisfactorily for the three different sizes studied
here as the same parameters could be used to describe the ex-
perimental data, and the model provides insight on the different
mechanisms at play affecting the response. For example, eqn (2)
can be also expressed as T = Ty, + Tgs, where Tgp (the first term in
the equation) is the elastic contribution from the host LC and Tgg
(second term) is the electrostatic contribution from the particle.
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Fig. 6 Electric field dependence of work done from electrostatic (Tgs)
and elastic (7gL) contributions to the rotation of particles.

By calculating the work done from 7y and Tgs, it is found that
the contribution of Tgg is more dominant than that of 7y (Fig.
6). Increasing Tgg further by using particles with a larger dielec-
tric anisotropy will likely enable particles to exhibit large rotation
comparable or even surpassing the host. Also, since I < 1 in the
equation of motion for micro-sized particles, we obtain T ~ Fp.
Considering that T o [? and Fp o< [*6, T ~ Fp yields 6 ~ [ =2, pro-
viding a physical basis for the improvement in the response speed
with decreasing particle size. In fact, by simulating the free relax-
ation time of particles with different sizes, a near /=2 dependence
is found as shown in Fig. 7. It is interesting to note that the theo-
retical model can predict the response times of particles that are
only ~3 times as slow compared to 5CB, when we have assumed
the response of 5CB to be much faster than the particle as to com-
pletely ignore its contribution to the change in output light inten-
sity. This is possibly because the LC responsible for generating the
elastic torque is confined between the particle and substrate, i.e.,
in a gap of (d —h)/2, instead of d. Since the response time of a
nematic LC is approximately inversely proportional to the square
of the cell-gap, 24 the LC between the particle and substrate can
respond faster than the bulk 5CB, and hence fulfill our assump-
tion. By exploiting the mechanisms clarified here, it may be able
to fabricate particles with faster response speeds at lower fields.
Such studies are planned in the future.

4 Conclusions

We demonstrated reversible electric-field switching of LC micro-
particles in a nematic host and described its mechanism. Down-
sizing of the particle size and the use of a low viscosity host en-
ables us to achieve a relatively fast response on the order of few
10 ms. The model we constructed allows one to predict the per-
formance of LC particles with different materials parameters. This
study contributes to the understanding of LC-LC particle interac-
tions, which is key to the future development of LC-LC particle
composites with engineered properties.
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Fig. 7 Simluated size dependence of decay time of particles.
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are shown for comparison.
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