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Colloids in confined liquid crystals: a plot twist in
the lock-and-key mechanismf
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By confining soft materials within tailored boundaries it is possible to design energy landscapes to
address and control colloidal dynamics. This provides unique opportunities to create reconfigurable,
hierarchically organized structures, a leading challenge in materials science. Example soft matter systems
include liquid crystals. For instance, when nematic liquid crystals (NLCs) are confined in a vessel with
undulated boundaries, bend and splay distortions can be used to position particles. Here we confine this
system in a twist cell. We also study cholesteric liquid crystals, which have an "“intrinsic” twist distortion
which adds to the ones imposed by the solid boundaries. The cholesteric pitch competes with the other
length scales in the system (colloid radius, vessel thickness, wavelength of boundary undulations),
enriching the possible configurations. Depending on the pitch-to-radius and pitch-to-thickness ratios
the interaction can be attractive or repulsive. By tuning the pitch (i.e. changing the concentration of the

rsc.li/soft-matter-journal

1 Introduction

Bottom-up assembly of colloidal particles can be employed to
efficiently build hierarchically ordered structures, such as
photonic crystals,*® self-healing materials®’ or sensors.®’
Even more interesting are reconfigurable structures, where
particle configuration and/or order (and, with them, optical
and mechanical properties) change under the effect of external
inputs, e.g. temperature, magnetic or electrical fields, and
chemical composition.’®™* The ability to address the dynamics
and localize single particles is crucial for these goals. Complex
fluids such as liquid crystals are perfect tools to gain control over
the motion of colloidal building blocks.*** Liquid crystals have a
dual nature. As fluids, they provide a perfect environment for
colloidal motion. As crystals, they can store elastic energy when
molecular orientational order deviates from the equilibrium
configuration. For small deformations, the Frank-Oseen free
energy density is written:'>°
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chiral dopant), it is possible to selectively promote or inhibit particle trapping at the docking sites.

where the director fi, a headless vector, gives the local mean
molecular orientation, and K;, K,, and K; are the elastic constants
associated to splay, twist and bend distortions, respectively.
The helical wave number g, takes into account intrinsic twist
distortion in the case of cholesteric LCs. Strong anchoring at the
particle surface contributes to the creation of distortions and
topological defects."” Given their high energetic cost, particles tend
to share defects forming linear, 2-dimensional or 3-dimensional
aggregates,'® such as wires or sheets.”*>*! Confinement provides
additional opportunities to drive colloidal behavior in liquid
crystals. Vessel boundaries can be used to mold the energy
landscape by introducing controlled or adjustable anchoring
conditions to dictate director field distortions.”*>* Curved
boundaries, corners and protrusions act as attractive or
repulsive sites for colloidal particles in LCs, and thus they
create elastic energy gradients that determine the colloids’
trajectories and interactions.>>>° Recently, we have applied
these principles to spherical homeotropic particles in quasi
2-D geometry in proximity to a wavy wall.*>*' The waviness of
the wall introduces sites of high splay energy density at the
convex hills and in the concave dales, and sites of high bend
energy density at the inflection points. These distortions couple
with the complementary ones around the colloids. As a result,
the particles dock at the wall.

Here, we introduce a “twist in the plot” by imposing a twist
distortion in the same experimental setup. From a fundamental
point of view, this new configuration allows us to explore all the
principal modes of deformation of liquid crystals, i.e. splay,
twist and bend. The director field, and the energy landscape

This journal is © The Royal Society of Chemistry 2019
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with it, is molded in three dimensions, as it now depends on
the vertical coordinate as well. From a practical perspective,
twist provides a high degree of manipulability of the system.
Twist distortions can be easily introduced, tuned and con-
trolled in our sample. For smaller deformations, it is sufficient
to use tilted anchoring directions in the boundaries to twist
nematic LCs. For arbitrary twist, cholesteric LCs show an
intrinsic twist distortion given by chiral doping. In both cases
the twist distortion is associated with a characteristic length
scale, the pitch, i.e. the distance over which the director does a
full rotation. The pitch couples and competes with all the other
lengths in the system, in particular the cell thickness and the
particle size, enriching the possibilities for lock-and-key inter-
actions. Moreover, twist distortions can be dynamically adjusted
by external parameters: temperature,®* chiral dopant concentra-
tion,**”> boundaries alignment.***”

2 Experimental and numerical methods

The experimental setup is designed in order to guarantee a
strong confinement to the LC phase within thin cells and to
introduce controlled distortions via a wavy wall. Furthermore,
by rotating the top plate, the setup induces director twist in
nematic LCs, or accommodates it in cholesteric LCs. As
described in our previous work®® the cell is delimited by two
parallel glass slides (Fig. 1). Glass slides have been previously
spin-coated with 1 wt% PVA (poly(vinyl alcohol)) in DI water
(20 s at 2000 rpm) or polyimide (40 s at 4000 rpm), annealed for
an hour at 80 °C and rubbed with a velvet cloth to ensure an
uniform planar anchoring along rubbing direction. The top
glass slide is in-plane rotated by an angle 6. The cell contains a
wavy wall, which acts as a vertical boundary and as a spacer.
The wall is made by photolithography with SU-8 (MicroChem
Corp.), coated with silica by chemical vapor deposition and
treated by immersion (8-10 min) in 3 wt% DMOAP (dimethyl-
octadecyl(3-(trimethoxysilyl)propyl)) (Sigma-Aldrich). The latter
imposes a strong homeotropic or perpendicular anchoring
on the wall. The wall thickness is 25 pm. The radius of curvature
of both wall’s hills and dales is comparable to the particle radius.
Once the cell is prepared in a “sandwich” configuration, the
sample is sealed with optical glue (Norland Optical Adhesive 68,
Thorlabs) exposed to UV light for 60 seconds. The presence of glue
can slightly affect the effective thickness of the cell.

We use the liquid crystal 5CB (4-cyano-4’-pentylbiphenyl,
Kingston Chemicals), which has a nematic phase around room
temperature (18°-35 °C). For the purpose of this work, the chiral
dopant COC (Cholesteryl oleyl carbonate, Sigma-Aldrich) is added
to twist the nematic director. COC weight concentration varies in
each batch depending on the required pitch length according to
the relation ¢ = 1/(p-HTP), where p is the pitch and HTP is the
helical twisting power. In the case of COC, HTP = 2.817 pm ™ *,*® as
we experimentally verified in a Cano-Granjean cell (Table 1).*°

Silica particles (diameter 2a = 15 pm unless noted otherwise,
Corpuscular Inc.) treated with DMOAP are dispersed in the
liquid crystal. The colloidal suspension is injected in the cell
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Fig. 1 (a) Schematic of the experimental setup. The vessel is delimited by
two glass slides with uniform planar anchoring R at the top and A, at the
bottom. The two anchoring directions form an angle 0, which corresponds
to the desired twist. A SU-8 wavy wall acts as a vertical spacer (thickness
t = 25 um) and as a vertical boundary. (b) Schematic of the experimental
cells. The angle 0 is increased in order to explore particle behaviors at
different twists. For 6 < n/2 twist can be given by boundaries (twisted
nematic LCs) or by chiral dopant COC at a proper concentration ¢
(cholesteric LCs). For larger twists (0 > n/2) a purely geometric constraint
is not sufficient.

Table 1 Experimental parameters in different cell configurations used in
this work

Sample ¢ (% COC) p (um) 0 (°)
1% 0 © 0
2 0.1 355 25
3 0.3 118 75
4 0.7 50 180

while in the isotropic phase (T ~ 45 °C) and then quenched at
room temperature. All the colloids tend to levitate around the
mid-cell due to the elastic repulsion from the top and bottom
boundaries.*”*" The sample is observed under optical micro-
scopy (Zeiss Axiolmager M1m) in transmitted mode with a
50x objective. All the images and videos are acquired by a
high-resolution camera (Zeiss AxioCam HRc) (pixel size:
0.312 pm). Due to the slow dynamics of colloidal particles in
the highly-viscous liquid crystalline phase, the typical frame
rate for video acquisition is 1 frame per min; all ESI,f Videos
are reported at an accelerated frame rate (180x). In order to add
a driving force in the system, in some experiments the cell can be
tilted by an angle o = 0.04 rad. The force acting on the particle is

F, = mgsina, where m is the particle mass and g is gravity

Soft Matter, 2019, 15, 5220-5226 | 5221


https://doi.org/10.1039/c9sm00788a

Published on 31 May 2019. Downloaded by Johns Hopkins University on 12/19/2025 7:56:21 PM.

Soft Matter

acceleration. The force is perpendicular to the wavy wall to direct
particle motion toward or away from it and to probe for attraction/
repulsion in its vicinity. We have verified that far from the wall the
tilted cell induced a motion at constant velocity due to the balance
between the driving force and the viscous drag.*'

Numerical simulations consist of a relaxation scheme for
the Landau-de Gennes free energy, in terms of the Q-tensor
order parameter, using a finite difference approach on a cubic
grid.*” Simulations yield the 3-D director field that minimizes
Landau-de Gennes (LdG) free energy. Convergence is deter-
mined by small relative change in Q, lower than 10~>. We note
the usual caveats in comparing any simulated liquid crystalline
energy landscape with experiments, which include: (i) the
inability to rescale all lengths from the experiment equally in
the simulation, since the mesh size cannot exceed the defect
core size set by the nematic correlation length, which therefore
cannot be “scaled out” of the problem, and which is thousands
of times smaller than the particle size in experiment; (ii) the
prohibitive cost to simulating microscale particles; (iii) the
differing stable defect configurations with particle diameter,
with dipolar type defects being stable for microscale particles,
and Saturn rings stable for particles smaller than 300 nm.
Because of the different length scales between experiments
and simulations, the outcomes cannot replicate exactly
the phenomena, but can be used as a guideline for the
qualitative features of the free energy landscape and director
fields.'®>%2¢314243 Mesh size is fixed by the correlation length
in 5CB (4.5 nm). We rescale all the system dimensions (particle,
wall, vessel) in order to keep the same ratio between these
sizes. We also impose a stronger anchoring condition than in
experiment to ensure K/W ~ a (K is the elastic constant, W is
the anchoring strength and a is the particle radius), ie.
anchoring strength is scaled inversely to system size. Typical
sizes for the simulation volume are D, = 600 nm (direction
parallel to the wall), D, = 400 nm (distance from the wall),
D, = 400 nm (vertical direction, thickness of the cell). Particle
radius is set at @ = 120 nm (unless otherwise noted) to ensure
the same radius-to-thickness ratio as in experiments. Anchoring
conditions of any boundary (wall, particle, top and bottom plates)
and chirality (via the helical wave number g, = 2n/p = 0/D,) are
fixed as initial conditions. For most of the applications in this
paper, simulations are replicated for different colloid position
(x,2) in order to map energy landscapes.

3 Results and discussion
3.1 0-Twisted LCs (0 < 0 < m/2)

Starting from the known case of nematic LCs*® (§=0,p — + oo,
¢ = 0) we follow an incremental approach. We prepare a series of
cells with increasing twist 0, i.e. the angle between anchoring
directions of top and bottom plates. These cells are filled with
either nematic or cholesteric LCs. In the former case, the
twisted director field results from frustrations owing to the
boundaries. In the latter, the twist is given by the chirality and
boundaries accommodate the director field twist along the
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Fig. 2 Homeotropic particles in 25°-twisted cholesteric liquid crystals in
proximity to a wavy wall. (a) Schematic of the experimental cell and
director field orientation: top view (left) and side view (right). (b—d) Final
state for homeotropic particles with different defects attracted to the wall:
Saturn ring docking in the dale (b); dipole opposite to wall, docking in the
dale (c); dipole oriented towards the wall, attracted at the top of the hill (d).

direction perpendicular to the slides (6/¢t = 2n/p, where ¢ is
the cell thickness and p is the cholesteric pitch). In both cases,
the homeotropic anchoring of the wavy wall is arbitrarily
chosen to be parallel to the anchoring direction of the bottom
plate (Fig. 2a). For gently twisted LCs (0 = 25°, 1° pm™ ", p > ¢,
Fig. 2a) no differences in wall-colloid interactions are noticed
with respect to the nematic sample.*® The particles can be
divided into different populations according to their defects:
Saturn ring and dipole. Moreover, the companion defect in the
dipolar structure can be oriented away from or toward the wall.
For a particle with a Saturn ring defect, the splay of the
spherical cap is complementary to the splay in the dale, while
bend distortions at the ring match with bend in the director
field at the inflection points on the hillsides. Such a particle
docks in the dale (Fig. 2b). The same splay-match attraction
between dale and spherical surface is observed when the dipole
is away from the wall (Fig. 2c). On the other hand, when the
companion defect is oriented toward the wall, the distortion
in the director field matches with the divergent splay at the
hill (Fig. 2d).

The only minor difference with respect to nematic LCs is the
position of the attractive site in the dale. In nematic LCs the
minimum energy configuration is achieved when the particle is
centered at the bottom of the dale; in twisted LCs, the attractive
site is asymmetrically shifted to the right. Numerical simula-
tions of the director field without a colloid help visualize the
reason for this displacement from the dale’s center (Fig. 3a).
Because of the twist, molecules can better accommodate the
homeotropic anchoring condition on the left side of the dale.
For similar reasons, a strong bend distortion (yellow highlight)
is needed on the right side. The presence of a colloid here
removes the highest energy density region and interacts com-
patibly with the local director field, resulting in the most
favorable attraction site. In this case, the energy landscape is
not affected by the source of twist. The same particle behavior
is observed for twisted nematic and cholesteric LCs. We simu-
late a homeotropic colloid close to the wavy wall. The anchoring
directions of the top and bottom boundaries of the simulation

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Simulations in 25°-twisted cell. (a) Simulated molecular orientation
at a plane z = t/2 in proximity of a dale, without colloids. The highlighted
region indicates the maximum bend distortion. (b) 2-D color map of the
energy landscape AE as a function of the particle position in proximity of
the wall. AE = E — Eo, where Ej is the far field energy. The same AE(x,y)
within few kgT is obtained for twisted nematic (go = 0), partially doped
cholesteric (o = 0.5 x 107* nm™Y), cholesteric (go = 1.0 x 10~ nm™?) LCs.
(c) Energy vs. normalized distance y/a (a radius of the particle) for a colloid
in the mid-cell (z = t/2) and centered on the wall (x = 0). For nematic LCs
(o = 0, black line) the curve is shifted toward small absolute energy value.
For cholesteric LCs (go = 0.5 x 107° nm™%, 1.0 x 10~° nm™, red and blue
lines) the curves are superposed.

volume form an angle 6 = 25° as in the samples used in
experiments. We change the chirality of the liquid crystal
phase. We use three different values for the helical wave
number g, = 2nt/p: 0 (this corresponds to nematic LCs, in which
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the twist is induced only by frustration from the confinement),
0.5 x 107* nm™" (long-pitch cholesteric LCs, twist is given by
both frustration and chirality), 1.0 x 10~* nm™ " (cholesteric LCs).
In the latter, the twist induced by chirality corresponds exactly to
0 = 25° over the cell thickness. In this case, boundaries accom-
modate, but do not frustrate, the twist. All three systems give,
within few kgT, the same energy difference AE(x, y) = E(x, y) — E,,
where E, is the far field energy (Fig. 3b). We can state that energy
gradients (and so, trajectories and equilibrium locations) depend
only on twist angle 0 but not on chiral dopant concentration c.
The presence of chiral dopant has effect only on lowering the
absolute value of the elastic energy (Fig. 3c).

The twist is increased up to 0 = 75°. The corresponding pitch
is p = 118 um > ¢, corresponding to a chiral dopant concen-
tration ¢ = 0.3%. Most of the particles show a curled dipole
defect (Fig. 4), in agreement with the literature.** Unlike the
previous case in which dipoles oriented toward the wall were
attracted by the hill, the presence of a large twist causes these
colloids to remain a few radii away from the boundary surface.
Colloids several radii from the wall approach it only under the
action of an external driving force F. In the vicinity of the wall,
the repulsive elastic potential repels them. The particles stop at
an equilibrium site determined by the balance between these
forces (Fig. 4a—c, and ESI,} Video S1). Colloids initially forced to
be closer to the hill are repelled. In this case (Fig. 4d-f, and
ESL T Video S2) the cell is not tilted, so there is no external force
to drive the particle toward the wall. The purely repulsive
potential pushes the particle away from the wall to a distance
at which the repulsive force becomes negligible. This location
indicates the decay length of this repulsive interaction.

Under stronger confinement it is possible to stabilize
more twisted loop defects winding around the colloid.***>¢
This goal is achieved by using larger particle diameters (2a = 18 pm),
ie larger a/t ratio, and stronger anchoring conditions at the
boundaries. In this case, both glass plates (top and bottom
boundaries) are coated with polyimide instead of PVA. Sample

Fig. 4 Particles with a curled dipole in 75°-twisted cholesteric liquid crystals. (a—c) Initial state (a), time-stack visualization (frame rate: 1 image per min)
of the trajectory (b) and final state (c) of a particle in the far field under the action of a driving force directed toward the wall. The particle approaches the
top of the hill up to the equilibrium site in (c), given by the balance of elastic and driving forces, and stays there until the end of the acquisition. (d—f) Initial
state (d), time-stack visualization (frame rate: 1 image per min) of the trajectory (e) and final state (f) of a particle starting in close proximity to the wall
(no external force involved here). The particle is initially repelled from the wall until the repulsive gradient becomes negligible.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Homeotropic particle with a twisted loop defect in 75°-twisted
cholesteric liquid crystals in a vessel with strong planar anchoring. (a)
Time-stack visualization (frame rate: 1image per min) of the trajectory of a
particle under the effect of an external driving force Fy. The particle stops
at an equilibrium site determined by the balance between driving and
elastic forces. (b) Time-stack visualization (frame rate: 1 image per min) of
the same particle in (a) after approach. The particle is able to move because of
diffusion and internal drift (no pinning at the boundary), but keeping the same
distance from the wall. Inset: Snapshot of the particle under crossed-
polarizers, showing the twisted loop. (c) Schematic of the experimental setup.
Top view (top) shows the twist of the director field by an angle 6 along the
vertical axis. Side view (bottom) shows the director field orientation at the
homeotropic wall and in the far field. (d) 2-D color map of the energy
landscape AE as a function of the particle position. Inset: Twisted loop defect
around a particle, resulting from numerical simulations.

preparation follows the same protocol as in the previous cases.
Positive energy gradients along a distance of the order of few particle
diameters are observed when the particle is directed toward the
wall. In Fig. 5a and b a homeotropic particle shows a distorted loop
defect (inset), whose orientation and position are determined by the
twist distortion of the hosting LCs phase. In Fig. 5a, and ESI,} Video
S3 the colloid approaches the wall due to the external driving force
F,, and then stops at a free energy minimum. The same particle is
still able to move (Fig. 5b, and ESLT Video S4) parallel to the wall,
confirming empirically our hypothesis. A further confirmation
comes from numerical simulations (Fig. 5d). Simulated particles
show the characteristic twisted loop defect (inset). We computed the
free energy of the system for different particle positions in the plane
(xy) at the mid-cell (z = ¢/2). False color map shows AE = E — E,,
where E, denotes the energy in the bulk, far from any boundary. The
wall dales are still regions of attraction (light blue), and hills remain
region of repulsion (red). However, an energy gradient (yellow region
near the dashed line) appears because of the large twist, arresting
particle dynamics.

3.2 mn-Twisted LCs

At ¢ = 0.7% COC the cholesteric pitch is p = 50 pm, i.e. twice the
cell thickness. The director field undergoes a m-rotation in the
sample. The uniform planar anchoring conditions at the top
and bottom glass slides have the same direction. Anti-parallel
alignment is chosen in order to minimize the splay induced by
pre-tilt anchoring at the boundaries, but is irrelevant for the

5224 | Soft Matter, 2019, 15, 5220-5226
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Fig. 6 Colloidal particles in m-twisted cholesteric cells. (a—d) Configuration
with molecular anchoring at the wall parallel to molecular anchoring at the
glass plates. (e—h) Configuration with molecular anchoring at the wall
perpendicular to molecular anchoring at the glass plates. (a) Side view
schematic of the director field alignment in the cell. (b—d) Initial state (b),
time-stack visualization (frame rate: 1 image per min) of the trajectory (c) and
final state (d) of homeotropic particles docking in the dales. (e) Side view
schematic of the director field alignment in the cell. (f-h) Initial state (f), time-
stack visualization (frame rate: 1 image per min) of the trajectory (g) and final
state (h) of homeotropic particles approaching the wall under the action of an
external driving force. The particles stop away from the wall without docking.

director field twist (h = —fi). We choose two characteristic
configurations for the wall orientation with respect to anchor-
ing alignment of the glass slides: molecular anchoring at the
wall parallel (Fig. 6a) or perpendicular (Fig. 6e) to molecular
anchoring at the glass plates.

In the parallel configuration (Fig. 6b-d, and ESI,T Video S5)
the colloids, that are always located in the mid-cell, tend
to occupy the region of maximum mis-match between wall
anchoring and director twist, i.e. the region of maximum energy
cost. Moving always in this horizontal plane, the particles dock
in the dale (Fig. 6d). In the perpendicular configuration
(Fig. 6f-h, and ESL{ Video S6) the maximum mis-match is
achieved at the junctions between the boundaries at top and
bottom plates (z = 0 and z = t), but these regions are inaccessible
to the colloid for both elastic and steric repulsion. In this
system particles do not dock on the wall. Even if pushed
towards the wall by the gravitational driving force F, all the
colloids stop at an equilibrium distance away from it (Fig. 6h).
We used LdG simulation to understand the two different
behaviors (Fig. 7). The system energy is computed for parallel
and perpendicular alignments using the same simulation
parameters (simulation volume, particle size, boundaries, cho-
lesteric pitch) for both configurations. The only difference is
the orientation of the uniform planar anchoring at the top and
bottom boundaries (corresponding to the glass slides in the
experimental cell) with respect to the wall. Each computation is
repeated placing the particles at different distances from the wall
(x-direction) and positions along the vertical axis (z-direction). For
the purpose of this study, the y-position is constant and corre-
sponds to the wall dale. Simulations in parallel alignment (Fig. 7a)
confirm a largely attractive potential well in the dale, and a
monotonic energy landscape that promotes docking. Simulations
in perpendicular alignment (Fig. 7b) show a weaker, but still
present, potential well in the dale. However, it is shielded by an
energy barrier. For the sake of clarity we extract the representative
curves at fixed height (energy vs. wall distance x at z = t/2), as

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Numerical simulations of homeotropic colloids winded by twisted
loop defects in the n-twisted cell. (@) 2-D map of a particle centered on the
dale as a function of the vertical position z and distance from the wall y for
configuration 1. (b) 2-D map of a particle centered on the dale as a function of
the vertical position z and distance from the wall y for configuration 2. (c)
Comparison of the energies in the two cases, at fixed height (z = t/2). Particle
in parallel configuration (black curve) docks in the dale. Colloid in perpendi-
cular configuration (red curve) is arrested by a barrier around y = 2a.

plotted in Fig. 7c. The far field energy is fixed at 0 in both cases.
AE in parallel configuration (black curve) has a monotonic
behavior with minimum at the wall (as in the nematic case). AE
in perpendicular configuration (red curve) shows a peak of
hundreds of kgT a few radii away from the wall. This barrier is a
characteristic signature of the cholesteric liquid crystals with a
pitch comparable to the cell size and it does not appear in nematic
LC with the same perpendicular anchoring. Its presence is
experimentally confirmed by docking of colloids starting close
to the wall inside the attractive potential well (ESL,T Video S7).
Overcoming the barrier by a sufficiently large driving force could
allow further mechanisms, as a selective control over particle
behavior. For example, particles could be forced over the barrier
by external fields and remained trapped in the well upon removal
of that field, an effective “double lock’” mechanism.

The different behaviors are understood in the light of the
relative alignments of the anchoring of all the boundaries
involved, shaping a complex 3-D director field and determining
defect loop orientation. For parallel alignment (Fig. 7a) the deep
potential well in the dale is given by both splay-matching between
the wall and the particle deformations, and removal of a region of
high distortion between the wall and the twisted LCs. The defect
loop position is compatible with the splay-matching geometry in
Fig. 6d. For perpendicular alignment (Fig. 7b) the antagonism
between the anchoring imposed by wall (along y), the glass slides
(along x) and the particle (on a spherical boundary), combined
with the twist of the host phase, creates local traps. Moreover, the
defect loop is maximally incompatible to the wall (Fig. 6h) giving
overlap between the splay distortion in the dale and the bend
distortion at the loop.

The presence and the position of an energy barrier in
perpendicular m-twist configuration depend on the particle
size-to-thickness ratio. Particles with different diameter 2a are

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Size effect of wall-particle interactions in n-twisted cholesteric
cells with perpendicular anchoring alignment. (a—c) Two particles with
different diameters are observed in the same sample: initial state (a), time-
stack visualization (frame rate: 1 image per min) of the trajectories (b), final
state (c). The larger particle (2a = 18 um, black trajectory) fluctuates at an
equilibrium distance from the wall. The smaller particle (2a = 12 pm, red
trajectory) does not find any barrier and dock in the dale, trapped in a
disclination line. It is possible to see the particle acceleration in proximity
of the wall. (d) Wall-particle attraction a particle of size 2a = 2.12 pm.
(e) Accumulation of small particles along the wall contour, where any point
is a suitable attraction site. (f) Crossed polarized image of a disclination line
at the wall boundary, trapping the particle irreversibly.

tested in the same sample (Fig. 8a-c, and ESLt Video S8).
Larger particles (2a = 18 pm) are arrested by an energy barrier a
few radii away from the wall, as in the case previously shown in
Fig. 6e-h. Smaller particles (2a = 12 pm), on the contrary, dock
in the dale. Very small particles (2a = 2.12 um) find no energy
barrier and are attracted to the wall (Fig. 8d). However, since
there is no splay matching between particle and wall dales, any
position along the wall contour is a suitable attraction site
(Fig. 8e). Moreover, since a disclination line is present at the
wall boundary (Fig. 8f), it contributes to irreversibly trap
the particle. Defect position and orientation have a role in
size-dependent behavior. When 2a ~ t, strong confinement
determines an antagonist defect orientation, for both twisted
loops and dipoles, with respect to the wall. When the colloid
size is small compared to the cell thickness, defects are not as
constrained by boundaries. Defects can slightly rotate and
adjust to a configuration compatible with the colloid being
nearly in contact with the wall, as observed by the re-alignment
of the dipole of the smaller particle in Fig. 8a—c.

4 Conclusions

We studied particle interactions with an undulated wall in a
confined cell in the presence of twisted nematic and cholesteric
liquid crystals. While in untwisted nematic LCs the particle
dynamics are driven by splay and bend distortions, in these new
systems twist deformations assume a key role. In particular, twist
introduces a new length scale, the pitch p, in addition to other
sample parameters (particle diameter, cell thickness, wavy wall
wavelength and radius of curvature). This results in an adjustable
wall-colloid interaction, where docking can occur only in a range
of pitch and size or in peculiar anchoring. This behavior can pave
the way to a switchable adsorption of colloids mediated by
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external stimuli able to adjust the twist. A tool is this direction can
be provided, for instance, by pitch phototuning®” or by photo-
sensitive anchoring controlled by polarized light,>*37:48:49
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