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ABSTRACT: Colloidal systems are abundant in technology, in )
biomedical settings, and in our daily life. The so-called “colloidal g %- 8
atoms” paradigm exploits interparticle interactions to self-assemble
colloidal analogs of atomic and molecular crystals, liquid crystal % ‘}»}; g
glasses, and other types of condensed matter from nanometer- or v
micrometer-sized colloidal building blocks. Nematic colloids, & & ()
which comprise colloidal particles dispersed within an anisotropic 000
nematic fluid host medium, provide a particularly rich variety of

physical behaviors at the mesoscale, not only matching but even

exceeding the diversity of structural and phase behavior in conventional atomic and molecular systems. This feature article, using
primarily examples of works from our own group, highlights recent developments in the design, fabrication, and self-assembly of
nematic colloidal particles, including the capabilities of preprogramming their behavior by controlling the particle’s surface boundary
conditions for liquid crystal molecules at the colloidal surfaces as well as by defining the shape and topology of the colloidal particles.
Recent progress in defining particle-induced defects, elastic multipoles, self-assembly, and dynamics is discussed along with open

issues and challenges within this research field.

Bl INTRODUCTION

Colloidal and liquid crystalline systems are classic examples of
soft condensed matter, exhibiting structural similarities with the
forms of self-organization found in both living organisms and in
solid-state materials.”” Nematic liquid crystals (LCs) are fluids
having anisotropic properties stemming from the spontaneous,
long-range orientational order of their constituent anisotropic
molecules.” Their utility in electro-optic devices, such as LC
displays, arises from their large birefringence and strong
coupling to external fields and confining surfaces.”” The use
of nematic LCs as fluid hosts for colloidal dispersions enriches
colloidal behavior due to anisotropic molecular interactions at
colloidal surfaces and particle-induced defects and elastic
distortions of the LC order.*™*” Molecular interactions of rod-
like LC molecules at the interface of another material result in
energetically preferred alignment directions of the molecules at
that interface.”®*® Known as surface anchoring, this anisotropic
interaction at LC surfaces defines surface boundary conditions
and plays a key role in electro-optic applications involving LCs
and in nematic colloidal self-assembly.”’ ~** Surface anchoring™’
is one of the most important properties of LCs because of its
relevance in practical applications. For instance, chemically and
topographically patterned surfaces®””" have provided promising
avenues for LC applications in displays, chemical sensing,
biodetection, colloidal self-assembly,”*~®* and electro-op-
tics.”*’~*" Moreover, the properties of colloidal particles
suspended in LCs are largely dependent upon the type and
strength of the surface anchoring at their surfaces. For example,
micrometer-scale spherical colloids that promote the anchoring

© XXXX American Chemical Society

7 ACS Publications

of the LC molecules normal to the surface of the colloid can give
rise to elastic deformations of the orientational order, which
have either dipolar or quadrupolar symmetry depending upon
the location and type of topological defects that accompany the
particle.”'”'%?>3*75% The spatial dependence of the average
alignment direction of the rod-like LC molecules is typically
represented with a unit vector field, n(r), called the director
field. Almost any surface in contact with the LC, including solid,
liquid, and free surface, forces the director n(r) at the interface
to orient in a specific direction, and then the alignment of LC
molecules preset by boundary conditions propagates over large
distances into the LC bulk.”” There are three main types of the
LC director n(r) alignment at the surfaces: homeotropic, planar,
and tilted. Alignment is called homeotropic or planar when n(r)
is forced to be, respectively, normal or tangential to the surface.
The alignment is called tilted when the orientation of the
director is somewhere between normal and tangential align-
ment. The preferred orientation of n(r) at the interface and the
strength of surface anchoring is determined by the properties of
the surfaces in contact with the LC. Besides the type and
strength of surface anchoring, the detailed n(r) configuration
surrounding a colloidal particle can depend on its shape,
topology, confinement, the presence of external fields, as well as
the bulk elastic properties of the LC host medium. Since the
dominant anisotropic interactions that colloids experience
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Figure 1. Nematic colloids obtained through phase separation. (a) Phase diagram of a mixture of a silicon oil in LC, which exhibits isotropic I and
nematic N phases and biphasic (I + N) state. In the experiment, the mixture is cooled from the N region (gray area) to 20 °C, as shown by the arrow, to
obtain isotropic silicone oil droplets in a nematic matrix by phase separation of dissolved silicone oil. (b) Droplets form after cooling (20 s after the
quench). (c) Droplets diffuse randomly and coalesce in the initial stages of the separation (42 s after the quench). (d) Chains of droplets grow as time
elapses (120 s after the quench). (e) Ordered chains of oil droplets. Black arrow indicates a rubbing direction. (f) Schematic diagram of n(r)-
distortions around particles in nematic LC. Black lines show the preferential orientation of LC molecules. Adapted with permission from ref 6.
Copyright 2000 Springer Nature. (g—j) Optical microscopy pictures of glycerol droplets with a diameter of 7 ym forming (g) hexagonal structures at a
free surface of a 60 ym thick LC layer and (i) chains at a free surface of a 7—10 gm thin nematic layer. (h, j) Corresponding schematic diagrams of n(r)
in the top part of a LC layer. Adapted with permission from ref 65. Copyright 2019 American Physical Society. (k—m) Optical microscopy textures of

glycerol droplets forming spirals on the surface of a cholesteric LC layer.

within the LCs arise from orientational elasticity, the types of
ordered low elastic energy structures that are possible can be
controlled through appropriate changes of colloids' surface
topography and chemical properties. For conventional LCs, the
established techniques that provide control over surface
anchoring involve altering the physical and chemical properties
of the interface either though the deposition and subsequent
processing of polymer or inorganic films or through the
formation of surfactant or phospholipid monolayers. For
example, a standard method to define uniform, planar anchoring
on a glass surface is to deposit a thin polymer layer, such as
polyimide or poly(vinyl alcohol),” and mechanically buff the
film using a fine pile velour. The surface boundary conditions
can be also controlled on colloidal particle surfaces, along with
controlling particle shapes,””°"%* topology,”’ surface charg-
ing,*** and topography, etc.” This article provides an overview
of different means of controlling LC—colloidal interactions to
define the types of induced defects and distortions, elastic

colloidal multipoles, colloidal self-assembly, and out-of-equili-
brium behavior. Using examples from our own research, we
discuss how various types of nematic LC colloids can be
obtained by varying the chirality of the particles and host LC
medium, by changing the particle shapes and surface topology,
by controlling the strength of anchoring and easy axis
orientations and patterns on colloidal surfaces, and so on.

B LIQUID CRYSTAL COLLOIDS FABRICATION
METHODS

Nematic Colloids Obtained through Phase Separation. The
isotropic droplets of silicone oil in the bulk of a LC can be obtained as in
refs 4—6, 9, and 12 using a mixture of “silicone oil” [poly-
(dimethylsiloxaneco-methylphenylsiloxane)] and such nematic LCs
as, for example, a room temperature nematic E7. This mixture forms a
homogeneous isotropic I phase at high temperatures and is in a biphasic
state (I + N) at low temperatures (Figure 1a). A nematic N phase is
stable at intermediate temperatures when the concentration of silicone
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Figure 2. Transition from tangential to homeotropic boundary conditions, and corresponding transformations of elastic multipoles around glycerol
droplets. (a) Polarizing and (b) bright-field microscopy images of elastic multipoles, and (c) corresponding schematics of n(r) during transformations;
P and A show crossed polarizer and analyzer, and ny is a far-field director. (d) Schematics showing the mechanism of the anchoring transition at the
LC—glycerol droplet interface. Adapted with permission from ref 46. Copyright 2021 American Association for the Advancement of Science.

oil is low. In the isotropic I and nematic N phases, the silicone oil is
homogeneously dissolved in E7. This mixture of E7 and silicone oil can
be filled in between two glass slides separated by thick (several tens of
micrometers) spacers. Before the mixture is added into the
experimental cells, the glass can be coated with poly(vinyl alcohol),
polyimide, or other alignment layers and rubbed to cause the N
continuous phase to become homogeneously aligned along a far-field
director n,. After filling into a cell placed onto a temperature-controlled
stage of, for example, an optical microscope, the system is cooled from
the N phase (gray area in Figure 1a) into the biphasic state (I + N) at
about 20 °C (Figure 1a). When a sample is cooled from the N to the (I
+ N) state, phase separation occurs as the uniform single-phase mixture
is not thermodynamically stable at lower temperatures. As a result, small
isotropic droplets of silicone oil form in the nematic and grow through
coalescence when they diffuse and collide (Figure 1b). When the size of
the droplets reaches some critical size R* = K/W of several
micrometers, where K is the average elastic constant of the LC and
Wis the surface anchoring strength, the coalescence stops and droplets
start attracting each other, like electrostatic dipoles,4‘8‘2° forming linear
chains oriented along n, (Figure 1c and 1d). Experimental observations
reveal that the boundary conditions on the surface of the droplets are
normal for LC molecules, a dipolar configuration of n(r) deformations
is formed around the droplets (Figure 1f), and they form long chains
along the far-field director n, (Figure le and 1f).

The isotropic droplets on the surface of a LC can be also obtained
using glycerol (clear viscous fluid) as in refs 10 and 65. A glass Petri dish
containing a millimeters-thick layer of glycerol and a thin layer of a

nematic LC pentylcyanobiphenyl (SCB) on top is kept at 50 °C for tens

of minutes, facilitating diffusion of glycerol molecules into the
micrometers-thick SCB layer which is in the isotropic phase slightly
above 35 °C. After the sample is cooled down, the solubility of glycerol
decreases and glycerol droplets start appearing and growing. The
technique allows producing droplets of a constant radius, which is
determined by the cooling rate. The formed droplets are trapped on the
surface of a LC at the air—LC interface as can be unambiguously
determined using, for example, fluorescence confocal polarizing
microscopy (FCPM).'" A several hours relaxation at room temperature
results in 2D ordered structures of initially randomly distributed
droplets (Figure 1g—j). The surface of the glycerol droplets promotes
tangential alignment of LC molecules (Figure 1h and 1j). When the LC
layer is thick so that the layer thickness is much larger than the droplets
dimensions, the order of the formed ordered structure is hexagonal
(Figure 1g and 1h). In thin LC films, when the layer thickness is
comparable to several radii of droplets, the pattern changes to droplets
forming chains aligned along the average in-plane n(r) projection. The
length of the chains increases when the LC layer thickness decreases.
Both hexagonal and chain organizations disappear when SCB is heated
again into the isotropic phase.

Colloidal particles follow the director orientation in nematic LCs as
can be seen from Figure 1d and le. Subsequently, they also follow the
local director orientations in a twisted structure of LC if the amount of
twist is much larger than the particle’s dimensions. In a similar way as in
the case of glycerol droplets on the surface,'”* the phase separation
method can be used to obtain small glycerol droplets in cholesteric LCs
(Figure 1k—m). Cholesteric LCs can be obtained by mixing a small
amount of cholesteric dopants, cholesteryl pelargonate or CB1S5, for
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Figure 3. Spherical and anisotropic solid particles. (a—i) Textures of colloidal particles in a nematic obtained with (a—f) optical polarizing, (d—f) with
and (a—c) without a retardation plate, and (g—i) bright-field microscopy; y marks a slow axis of a full wave (530 nm) retardation plate, and B shows the
magnetic field. (Inset in a) SEM image of epoxy particles. (Insets in d—f) Schematic diagrams of n(r) (magenta lines). (j—1) Anisotropic gourd-shaped
particle: (j, k) Textures of a gourd-like particle in a nematic cell from optical polarizing: (j) without and (k) with a retardation plate. (1) Corresponding
calculated n(r) around a gourd-shaped particle. Adapted with permission from ref 70. Copyright 2019 Springer Nature.

example, into a nematic SCB to achieve a long-pitch cholesteric phase.
Because of the hybrid boundary conditions where LC molecules are
tangential to the glycerol—LC interface while orienting normally at the
air—LC interface, cholesteric textures form a system of concentric
spirals and isotropic droplets form long chains spiraling accordingly
with the orientation of the local director (Figure 1k—m)."
Intrinsically, as described above, pure silicon oil and glycerol droplets
impose, respectively, homeotropic and tangential LC alignment at their
interface inducing in a LC so-called elastic dipoles (Figures 1f and
2cviii) and quadrupoles (Figure 2ci and 2cv).*** However, one can also
modify and control the boundary conditions at the surface of fluid
droplets by mixing specific additives like in ref 46. Spherical
micrometer-size droplets of isotropic fluid in the bulk of a nematic
LC can be obtained by mixing a small amount (~1—5 vol %) of glycerol
with a nematic LC and vigorous agitation such as flicking or sonication.
A spherical shape of droplets when mixed with the LC is reinforced by
the high interfacial tension between two media. Droplets of pure
glycerol dispersed in a nematic LC ZLI-2806 promote planar
azimuthally degenerate boundary conditions at the interface between
the LC and glycerol. This induces a quadrupolar configuration of n(r)
around the droplet (Figure 2ai, 2bi, 2ci, and 2d) with two surface point
defects called “boojums” at the poles of the droplet along n,. Boojum
quadrupoles obtained with pure glycerol and the corresponding n(r)
configuration are stable over long periods of time. However, adding a
trace amount of surfactant to glycerol before mixing it with the LC
modifies the boundary conditions and changes the behavior of this
droplet-induced elastic multipole. For example, surfactant sodium
dodecyl sulfate (SDS) at small concentrations uniformly dissolves
within glycerol. Larger concentrations of SDS (>0.1 wt %) promote
homeotropic boundary conditions at the surface of the droplets,
resulting in a dipolar n(r) configuration with a bulk point defect called
“hedgehog” (Figure 2aviii, 2cviii, and 2bviii).* At small concentrations
of SDS (<0.1 wt %), the droplets initially, right after the preparation,
appear as boojum quadrupoles with tangential boundary conditions

(Figure 2ai, 2ci, 2bi, and 2d), but configurations of n(r) and singular
defects change over long time. In the beginning, two boojums at the
poles start opening into the surface defect loops encircling the surface of
the droplet close to its poles (Figure 2c and 2e). As time goes on, these
surface defect loops slowly drift away from the poles and, upon reaching
the equator, combine to form a single bulk defect loop called a “Saturn
ring”®** and the corresponding quadrupolar n(r) configuration (Figure
2av, 2cv, 2bv, and 2f). After some time, the Saturn ring moves toward
one of the poles of the droplet, eventually transforming into a bulk point
defect hedgehog (Figure 2aviii, 2cviii, and 2bviii).>** The polarizing
and bright-field microscopy textures and corresponding schematics of
n(r) (Figure 2a, 2b, and 2c, respectively) display details of these
transformations. Tangential-to-homeotropic changes of the patchy
boundary conditions at the interface between the LC and glycerol cause
these (Figure 2) experimentally observed topological transformations
of elastic multipoles studied in detail in ref 46.

Spherical and Anisotropic Solid Particle Synthesis. Most of
the studies of LC colloids deal with solid spherical par-
ticles 79294952 758,65-67 Typically, to obtain solid spherical colloids
with homeotropic anchoring at the surface, silica or glass colloids are
used additionally treated with an aqueous or alcohol solution (0.0S wt
%) of N,N-dimethyl-N-octadecyl-3-aminopropyl-trimethoxysilyl chlor-
ide (DMOAP).>***73%%5 Different polymer-based solid spherical
particles, like melamine resin particles, intrinsically provide tangential
boundary conditions for LCs.”” Silica particles treated with 3-
methylaminopropyl trimethoxysilane (MAP) also provide tangential
boundary conditions.***>%

To demonstrate how the shape and boundary conditions on the
surfaces of colloidal particles dictate the structure of the surrounding
n(r)-deformations and to identify the “design recipes” for obtaining the
desired elastic multipoles and the ensuing elasticity-mediated
interactions, there is a demand for colloids which are anisotropic in
terms of shape and anchoring at their surface.
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Figure 4. Conic degenerate anchoring at the particles’ surface. (a) Schematic of the conic degenerate surface boundary conditions with the “easy axis” n
at a constant angle i, to a local normal s to the surface. (b, c) Optical micrographs of elastic hexadecapoles obtained with polarizing microscopy.
Adapted with permission from ref 66. Copyright 2016 Springer Nature. (d) Schematic diagram of induced n(r) satisfying the tilted boundary
conditions at the polystyrene microspheres surface. (e) Calculated director fields for elastic conic anchoring dipole colloids. Defects are shown in black.
(f) Corresponding simulated polarized light micrographs of dipole colloids with a tilt angle y, = 45°. (g) Optical microscopy texture of a dipole with
conic anchoring, which is consistent with calculated textures shown in e and f. Adapted with permission from ref 76. Copyright 2019 Springer Nature.

Table 1. Examples of Boundary Conditions Induced by Colloidal Particles

liquid crystal material of colloidal particle
SCB silica
SCB silica
SCB borosilicate glass
SCB, ZLI1-2806 melamine resin
SCB, E7 polystyrene
MJ032358 polystyrene
E7 silicone oil
SCB, ZLI-2806 glycerol
ZLI-2806 glycerol
SCB glycerol
SCB p-NaYF,:Yb/Er
SCB P-NaY, sGdy3Ybg 15Er0,F4
SCB epoxy based
SCB photoresist SU-8
SCB photoresist SU-8

alignment agent boundary conditions

DMOAP homeotropic®>*°
MAP planar®®
DMOAP homeotropic**”’
no treatment planar67

no treatment planar67'70
DMOAP homeotropic'®
pristine homeotropic6
pristine planar*®

mixed with SDS homeotropic*®
mixed with SDS tilted”®

no treatment homeotropic79
Si-PEG planar’®

no treatment planar®

no treatment planar‘w
DMOAP homeotropic*’

An experimentally accessible example of anisotropic colloids can be
composite colloidal particles consisting of spherical elements of similar
size and boundary conditions (Figure 3b, 3c, and 3e—i). Epoxy-based
spherical superparamagnetic beads® can be used to fabricate dimers,
trimers, tetramers, and so on (Figure 3b, 3c, and 3e—i) in order to
induce n(r)-structures, which correspond to various higher order elastic
multipoles.”® Superparamagnetic beads define the planar boundary
conditions for LC molecules as can be observed from polarizing optical
microscopy textures (Figure 3a and 3d). Magnetic nanoparticles
embedded into superparamagnetic beads allow for easy control of the
beads’ orientation with a magnetic field.*””" To fabricate composite
linear particles consisting of two or more superparamagnetic beads,
individual beads are placed nearby each other using optical tweezers
and, with the same optical tweezers, the LC is locally melted to the
isotropic state close to the beads. Beads trapped in the melted isotropic
region of a LC sample can be easily arranged into linear chains of two or
more touching beads using optical tweezers, and then these chains can
be easilgr aligned parallel to a preset n, using holonomic magnetic
control® (Figure 3g). In this way, they irreversibly form dimers,
trimers, or tetramers. When the locally isotropic LC is cooled to the
nematic phase, the magnetic field holding chains of beads along n, can

be removed, leaving formed dimers, trimers, or tetramers stable and
oriented along n, (Figure 3b, 3¢, and 3h—i). The alternating director tilt
at particle surfaces with respect to ny uncovered by different modes of
microscopy is consistent with that in the ansatzes of sources of high-
order elastic multipoles. Even though a single superparamagnetic bead
induces an elastic quadrupole (Figure 3a and 3b), a pair of
superparamagnetic beads in a chain oriented parallel to n, (Figure
3b, 3e, and 3h) has a strong elastic hexadecapole moment, which can be
the strongest leading order elastic multipole for certain parameters of a
dimer. Similarly, a chain of three particles can possess a strongly
pronounced 64-pole (Figure 3c, 3f, and 3i).”!

Dimers of spherical particles (Figure 3j) are also good sources of
elastic distortions as they allow for more complex distortions of n(r)
than what can be induced just by individual colloidal spheres and also
because they can be mass produced using wet chemistry
approaches.”””"* Thus, elastic multipoles formed around colloidal
particles consisting of two dissimilar spheres having different sizes,
composition, and anchoring are of special interest. Gourd-shaped
colloidal particles’®”* consist of two lobes of different diameter and
with different surface anchoring boundary conditions for n(r) (Figure
3j—1). The dissimilar boundary conditions are defined through the
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Figure S. Solid charged nanoparticles: SEMs of platelets before (a) and after (c) SiO, coating. (d) TEM micrograph of platelets. (Inset) SiO, layer
which is visible at the platelet’s edge as a thin gray stripe. (b) Schematic of platelets showing a core, SiO, coating, and Si-PEG alignment layer. (e—h)
Optical microscopy textures of platelets with (e) conic, (f, g) planar, and (h) perpendicular surface anchoring under crossed polarizers (left) without
and (right) with a retardation plate y in a nematic cell. (i) Effect of the ionic content of LC medium showing a schematic diagram of LC alignment (an
ellipsoid) at the surface (blue); e, e,; and e, show easy axes determined by interactions with the polymer capping, electrostatic interactions, and the
LC alignment resulting from their competition, respectively. ® is an electric potential varying over the thickness of the double layer, and r is the
distance from the platelet surface. Red arrow shows the direction of electric field Ep; . Positive and negative charges are shown, respectively, by green
and yellow filled circles. Right-side insets schematically show the density of a positive charge (green spheres) at the platelet surface in a doped SCB.
Adapted with permission from ref 63. Copyright 2019 American Association for the Advancement of Science. (j) SEM image of small nanorods. (k)
Schematic illustration of n(r) (blue) around a single nanorod (yellow), with red hemispheres at poles depicting two boojums. Adapted with permission
from ref 78. Copyright 2016 American Association for the Advancement of Science. (I, m) TEMs of nanorods (1) before and (m) after acid treatment.
(n) Schematic representation of the hybrid molecular-colloidal nematic LC, with the insets showing (top right) molecular ordering and (bottom right)
chemical structure of a SCB molecule and left inset showing a schematic representation of n(r) around a nanorod with soft perpendicular boundary
conditions. Adapted with permission from ref 79. Copyright 2018 American Association for the Advancement of Science. (o) SEM image of dumpling
colloidal particles. (p, q) Polarizing microscopy textures of dumpling particles with homeotropic anchoring in a planar nematic cell between crossed
polarizers (q) with and (p) without a retardation plate. (r) Schematic diagram of n(r) (green lines): red circle indicates a singular defect loop Saturn
ring. Adapted with permission from ref 80. Copyright 2021 American Association for the Advancement of Science.

worthy of special mention. Colloidal particles with conic boundary
conditions give a rise to new elastic multipoles called elastic
styre hexadecapoles®®’® (Figure 4b—d) and elastic dipoles with conic
give rise to the second (larger) lobe.””™ " The smaller particle’s 1062%6}135 anchoring (Figure 4e—g).76 Conic anchoring at the surface of glycerol
tangential anchoring, while the larger lobe has conic anchoring,™ "™ as droplets in a nematic LC SCB (Frinton Laboratories, Inc.) (Figure 4f)
can be seen from the polarizing microscopy textures of such particles in can be achieved with a small amount (<0.1 vol %) of a molecular
a LC.‘, (Figu.re 3jand ;a(k) with a Cfalculat.ed director structure aroun'd the surfactant SDS mixed with glycerol.”®
particle (Figure 31)."” When mixed with a LC, gourd-shaped dimers Surface Charging and Electrostatic Anchoring. Boundary
align with their cylindrical symmetry axis parallel to ny and induce two o 1 . .
. conditions at the colloids’ surface determine n(r)-deformations around
boojums, one at the south pole of a large lobe and another at the north . . . . .
, the colloidal particles immersed into LC and formation of the
pole of a smaller lobe, as well as a surface defect loop at the larger lobe’s . . . 825,70 .
corresponding elastic multipoles.”””"" Therefore, controlling the

equator (Figure 3j—1). A singular defect loop resulting from the o ) ) ) .
mismatch in the alignment of molecules at both lobes in the point of boundary conditions especially when colloids already are mixed in
the dispersions can affect the self-assembly of colloidal particles

contact is also visible traversing around the contact line between the LA X ; ) g
two lobes. Director structures around such particle depend on multiple resulting in different fluid materials with new symmetry. Examples
of boundary conditions that can be obtained for LC molecules using

geometrical parameters like the radii of both lobes, the distance

synthesis of dimers, in which cross-linked polystyrene spherical seeds (a
smaller lobe) were swollen with styrene and the elastic contraction of
the cross-linked polystyrene expels styrene out of the swollen seeds to

between their centers, etc.”’

Colloidal particles with conic degenerate surface anchoring,
where the boundary conditions promote the alignment of LC molecules
at some angle between tangential and normal alignment (Figure 4a), are

66,76,77

specific alignment agents at different colloidal particles described in this
article are summarized in Table 1. One of the methods of controlling
the type of anchoring at the colloids’ surface is using electrostatic
charging of their surface (Figure S).
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Figure 6. Defining shape and boundary conditions of lithographically produced colloids. (a) Schematic illustration showing a process to define the
nematic anchoring direction on lithographic colloidal particles via mechanical rubbing on (left) their top surfaces and (right) their bottom surfaces. (b)
Three-photon excitation fluorescence polarizing microscopy (3PEF-PM) image reveals that untreated square-shaped platelets with degenerate planar
anchoring align with one diagonal parallel to ny, accompanied by four bright lobes corresponding to the distorted director field. (c) Similar image for a
particle with surfaces rubbed parallel to two out of four edge faces of the particle. (d) Schematic of the quadrupolar n(r) (blue lines) surrounding the
square-shaped platelet with tangentially degenerate anchoring. Dashed lines show two mirror symmetry planes orthogonal to the platelet’s large-area
faces (third mirror symmetry plane passes through the platelet’s midplane). (e) Corresponding schematic for a platelet with rubbed surfaces, which
align with that rubbing direction parallel to n,, giving rise to the dipolar n(r) with elastic dipole moment P, Ln,. (f, g) Polarizing optical micrographs of
elastic colloidal dipoles formed by two rubbed square platelets when (f) far apart and (g) self-assembled into a colloidal dimer.

Solid semiconductor colloidal particles with surface charging are
prepared using the hydrothermal synthesis method.**~®* Varying the
concentrations of oleic acid and NaOH, nanorods of different lengths
(Figure Sjand 51)7%7% and dumpling nanopartlcles (Figure So) can be
synthesized. For synthesis of platelets,">*' oxalic acid is used instead of
oleic acid.

Semiconductor solid f-NaYF,:Yb,Er platelets (Figure Sa—h) can be
synthesized following the procedures described in refs 63 and 81. The
synthesis yields circular plates with a thickness of about 20 nm and an
average diameter of 2 ym (Figure Sa and Sc). For surface treatment, 1
mL of an aqueous dispersion of particles is mixed with 5 mL of
hydrogen peroxide and 100 yL of nitric acid and kept stirring overnight,
which ensures complete removal of the oxalic acid from the particle
surface, leaving the particles positively charged. Then, the uncapped
platelets are precipitated from the solution by centrifugation and
dispersed in 1 mL of ethanol. Next, the platelets are covered with a thin
layer of silica (SiO,). To achieve this, 300 mg of polyvinylpyrrolidone
(PVP; M,, 40 kDa) is dissolved in 4 mL of ethanol by ultrasonication,
and 1 mL of the platelets dispersion in ethanol is added to this solution
and kept stirring for 24 h. Thus, PVP ligands, which favor silica growth,
adsorb to the particle surface. Particles coated with PVP are separated
from the solution using centrifugation and redispersed in S mL of
ethanol. After that, 250 yL of ammonia solution (28 wt % in water) is
added to the dispersion, which is followed by 8 uL of tetraethyl-
orthosilicate (TEOS) with continuous agitation for about 12 h.
Obtained dispersions of silica-coated particles are centrifuged at 6000
rpm for S min and redispersed in S mL of ethanol. Next, 2 mL of an
ammonia solution is added to the mixture, bringing the pH of the
solution to about 12, which is immediately followed by adding 1 mL of
hot methoxy polyethylene glycol silane (Si-PEG; M,, S kDa) solution in
ethanol (25 mg/mL) under constant agitation and kept for 12 h. Later,
the resulting Si-PEG-functionalized particles are precipitated by
centrifugation, washed with deionized water several times, and
redispersed in 1 mL of ethanol for subsequent use. Thus, the synthesis
conditions described above result in a SiO, layer thickness of S nm
(Figure 5d), but the SiO, thickness can be tuned by Varyln§ the
concentration of TEOS in the reaction (Figure Sa, Sc, and 5d). 638
measured surface charge on the obtained uncapped platelets was
~+300e. However, the process of silica capping reduces the effective
surface charge of the particles to +(100—200)e, showing that the

charging on particles is dominated by positively charged cores of
particles, although it can also be controlled by silica coating.®*

The electrostatic contribution to the surface anchoring strength and
coupling between normal to the surface s and n, depend on the surface
charge and ionic content of the LC, showing a tendency to orient
molecules along and away from an easy axis e, describing the natural
coupling of n(r) with a Si-PEG-coated surface (Figure Si). Depending
on the grafting density, Si-PEG functionalization can promote
homeotropic, planar, or conic boundary conditions (Figure Se—h).
For example, in the case of solid platelets (Figure Sa—d) immersed into
a LC,"**" experimental optimization of grafting gives e, parallel to the
platelet to obtain the entire range of tilt & = 0—90° because of the
aligning effect of the electric double layer. When surface charging is
small, molecules orient parallel to the particle surface (Figure Sfand Sg)
due to a minimal electrostatic contribution to the surface energy
strength. At high surface charging, LC molecules orient normal to the
platelets’ surface (Figure Sh), whereas conical boundary conditions
emerge at moderate charging (Figure Se).

Short semiconductor nanorods with the composition f-
NaY, Gdy;Ybg sEry o, F4 (Figure 5j) can be synthesized as described
in ref 78. After the synthesis, nanorods are collected and washed with
ethanol and water and finally redispersed in cyclohexane. The nanorods
attain positive charges after removal of the oleic acid molecules from
their surfaces during the nanorod dispersion preparation, which is due
to the protonation of particle surfaces in an acidic medium.** The
surface charging of nanorods is tuned by controlled variation of the
capping density of Si-PEG at the surface of the particles. The Si-PEG
ligands help to define tangentially degenerate surface boundary
conditions for the nematic LC director (Figure Sk) and also tend to
reduce the surface charging of nanorods. The electrostatic charging can
be controlled by varying the density of Si-PEG chains attached at the
surface of semiconductor nanorods. Variation of the Si-PEG
concentration and reaction time can be used to control the grafting
density and thereby to tune the effective positive surface charging of the
particles within ~+(60—250)e per nanorod.”® The dispersion of these
nanorods with a LC at higher concentrations resulted in new triclinic
nematic colloidal crystal materials.”®

Long colloidal nanorods (Figure Sl and Sm) can be synthesized by
the methods described in detail in ref 79. The obtained nanorods are
positively charged. To ensure optimal stabilization of the nanorods in
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Figure 7. Colloidal particles fabricated by a direct laser writing method. (a) Schematic diagram of colloidal particles fabrication. (b—g) Colloidal
handlebodies with homeotropic anchoring aligned orthogonal to ny: (b—d) g = S handlebodies and induced n(r)-structures imaged by polarizing
microscopy (b) without and (c) with a retardation plate, and (d) bright-field microscopy and (e—g) 3PEF-PM images. (e—g) 3PEF-PM textures of (e)
single, (f) double, and (g) triple colloidal particles. Adapted with permission from ref 60. Copyright 2013 Springer Nature. Micrographs of arrays of (h)
double handlebodies and (i) spiral silica colloidal particles on an aluminum layer obtained in the reflective mode of optical microscopy. (j—o)
Polygonal truncated pyramids in a nematic LC. Optical micrographs of (j, k) rhombic, (I, m) star, and (n, o) pentagonal particles. Adapted with
permission from ref 61. Copyright 2015 American Physical Society. (p, q) Polarizing micrographs of spiral particles with tangential anchoring in a

planar nematic cell. Adapted with permission from ref 62. Copyright 2015 Royal Society of Chemistry.

the nematic LC, they are additionally treated with a hydrochloric acid
(HCI, 38.0 wt %) solution. The typical average aspect ratio of the as-
synthesized nanorods within a single synthesis batch is estimated to be
~4S5, with the example shown in Figure SI. After the acid treatment, the
surfaces of the nanorods are etched and the aspect ratio changes to
within 60—110 (Figure Sm). Using such approaches in combination
with adjustments of the synthesis process, the aspect ratio of the
nanorods can be controlled within the range 40—-110."" The bare
nanorods can be dispersed in SCB without the need of any further
surface functionalization, and they spontaneously induce perpendicular
boundary conditions for the SCB molecular alignment and orient
perpendicularly to the molecular director n,, of SCB (Figure Sn) at
different volume fractions of particles. The perpendicular orientation of
the nanorods with respect to n,, is caused by homeotropic boundary
conditions with weak surface anchoring at the surface of the
nanoparticles.**®” Dispersion of long nanorods with homeotropic
anchoring at certain concentrations results in hybrid molecular—
colloidal LCs with biaxial D,;, orthorhombic symmetry.”®

The typical synthesis for dumpling-like colloids (Figure So—r)™
yields octanoic acid-functionalized dumpling-shaped particles with an
average size of 1 um, as can be seen from the scanning electron
microscopy (SEM) micrograph of particles deposited onto a silicon
substrate (Figure So). To induce positive surface charges, particles
should be treated with an acidic solution.** To prepare the colloidal
dispersions in a LC, the particles in an ethanol solution are mixed with a
nematic SCB followed by solvent evaporation at 70 °C for 2 h and
cooling to a nematic phase under vigorous mechanical agitation.
Judging from the polarizing microscopy images, the colloidal dumplings
have homeotropic anchoring on their surfaces, and the symmetry of the
resulting n(r)-distortions around the particles (Figure Sp—r) is of the
“quadrupolar” type®** with an encircling disclination loop.

Photolithography as a Means of Controlling Colloidal
Shapes. Colloidal particles with shapes different from spherical can
offer distinct ways of controlling elasticity-mediated interactions and
self-assembly in LCs and can be fabricated using photolithography

methods.”® To prepare colloidal particles by means of photo-
lithography,””***” silicon wafers should be thoroughly cleaned.*”®’
Cleaned wafers are first coated with a release layer consisting of a 28 wt
% solution of SU-8 epoxy resin dissolved in cyclopentanone, which
results in 1 ym thick films after spin coating and removal of the solvent
via soft baking (Figure 6a). A second 1 ym thick layer of photosensitive
SU-8 2001 (Microchem) is spun on top of the release layer and soft
baked. In order to define the planar anchoring direction on the bottom
surfaces of lithographic colloids, release layers are unidirectionally
rubbed against soft velour mounted on a flat surface as shown in Figure
6a, with the rubbing direction perpendicular to the single flat edge of the
wafer, which is later utilized by the lithography system to orient the
wafer relative to the features on the reticle mask. As shown
schematically in Figure 6a, to fabricate lithographic colloids with their
top surfaces rubbed, the release layer is not mechanically rubbed after
soft baking, and the second photosensitive SU-8 layer is applied and
mechanically rubbed after exposure. Photolithographic fabrication on a
single wafer can yield up to ~10° particles with high monodispersity.
After exposure, the wafers are immersed in SU-8 developer (1-methoxy-
2-propyl acetate) and lightly ultrasonicated dissolving both the
unexposed resist in the top layer and the bottom release layer. After
the particles are removed from the wafers, the particle/developer
dispersions are thoroughly washed by repeated centrifugation,
decanting, and adding fresh developer. After cleaning, the dispersions
are concentrated to a volume fraction ~ 10™* and mixed with SCB. To
remove the developer from the SCB solvent, the mixture is placed in a
convection oven held at a temperature of 60 °C while under vacuum for
24 h. To disperse colloids in SCB, the dispersion is agitated using an
ultrasonic bath held at a temperature above the nematic—isotropic
transition temperature for 1 h. This preparation procedure shows that,
similar to regular confining surfaces of LC cells, one can mechanically
buff a photoresist film along selective directions and define an
anchoring easy axis on either the top or the bottom surface of
lithographically fabricated colloidal platelets (Figure 6).
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Figure 8. Two-photon polymerization. (a) Schematic diagram of a multiphoton absorption photopolymerization setup. (b) Computer-generated
model of a low-symmetry colloidal particle. (c, d) Bright-field optical images of (c) a single particle and (d) an array of four surface-bound particles
obtained from the model in b using two-photon polymerization. (e—h) Microscope textures of microparticles in (e, f) planar and (g, h) twisted nematic
cells. Adapted with permission from ref 95. Copyright 2012 Royal Society of Chemistry. (i) Optical microscopy textures showing left-handed (panels 1
and 2) and right-handed (panels 3 and 4) trefoil colloidal torus knots T(3;2) of different sizes with corresponding 3D models shown in green. Top-left
inset in panel 3 shows a 3PEF-PM image of a colloidal particle. (j) SEM of a 4 X 4 array of torus knots T(5;3). (k—m) Zoomed-in SEMs of single (k, 1)
T(3;2) and (m) T(S;3) knots shown from different perspectives along with corresponding 3D models (depicted in green), as viewed (k) along the
torus axis and (1, m) in an oblique direction. (n—q) Optical micrographs of (n, p) a trefoil knot particle and (o, q) a T(5;2) knotted particle obtained (n,
o) without and (p, q) with crossed polarizers aligned as indicated by white double arrows; boojums visible within optical micrographs are marked by
red arrows (n, p, q). (r) Computer-simulated n(r) at the particle—LC interface (black rods) and in the bulk (blue rods) induced by a trefoil knot
particle. Green and magenta areas show a reduced scalar order parameter of 0.42, corresponding, respectively, to s = —1 and 1/2 defects at the particle—
LC interface. (s) Numerical model showing surface defects induced by the T(S;2) particle as viewed along the torus axis. Adapted with permission

from ref 96. Copyright 2014 Springer Nature.

Regular polygonal platelets with planar degenerate anchoring align in
distinct ways relative to the far-field alignment n, of the LC. For
example, polygons with an odd number of sides, such as triangles and
pentagons, align with one edge parallel to n, and give rise to n(r)-
deformations with an elastic dipole moment p,; perpendicular to n,.
Colloidal polygonal prisms having an even number of sides, such as
squares, align such that all edges are at 45° to n, and result in
quadrupolar n(r) (Figure 6b and 6d). These particular orientational
states and accompanying n(r)-configurations arise from minimizing the
elastic free energy in the surrounding LC, which are consistent with
planar degenerate anchoring of n(r) on all of their surfaces. By breaking
the degeneracy of the planar anchoring at one or more surfaces of a
polygonal colloidal object, other orientational states and accompanying
n(r)-configurations can be stabilized in a reproducible and controlled
fashion (Figure 6¢ and 6e). The rubbing not only defines a different
orientation of the square platelet but also causes an elastic dipole
moment p, that points along a normal to the broken symmetry plane
(Figure 6¢ and 6e), orthogonally to n,. This different symmetry then
controls colloidal self-assembly (Figure 6f and 6g) into dipolar chains
orthogonal to n,.

Direct Laser Writing. A more advanced technique for fabrication of
colloidal particles is based on a direct laser writing approach.” Direct
laser writing is a high-resolution, versatile photolithography method

where the local solidification of a photoresist at the focus of a laser beam
allows drawing of structures on the nanometer scale.”" This approach
does not need to use expensive masks and photolithography steps in the
fabrication process and offers a better resolution and more flexibility in
defining the complex shapes of the colloidal particles. Colloids can also
be anisotropic, chiral, typically in terms of their shape and topology and
chemical functionalization of their surfaces. The direct laser writing
method was used for fabrication of a number of colloidal particles with
different complex shapes and topologies.éo_62 Fabrication of silica
(Si0,) colloidal particles involves the following procedures. First, a 90
nm sacrificial layer of aluminum is sputtered on a silicon wafer (Figure
7ai and 7ii). Then, a 1 ym silica layer is deposited on the aluminum by
plasma-enhanced chemical vapor deposition, and a photoresist AZ5214
is spin-coated on the silica layer (Figure 7aiii and 7iv). The pattern of
the particles is defined in the photoresist by illumination at 405 nm with
a direct laser writing system and then in the silica layer by inductively
coupled plasma etching (Figure 7av and 7vi). Finally, the photoresist is
removed with acetone, and the aluminum is wet etched with a sodium
hydroxide aqueous solution so that the silica particles are released and
then redispersed in deionized water (Figure 7aix). They are washed out
by deionized water (3—4 times) to obtain an aqueous dispersion of
colloidal particles. Fabrication with direct laser writing can yield up to
~10® highly monodisperse particles on a single wafer. The drawing
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Figure 9. Photopolymerized colloidal links, microsprings, and fractal particles. (a) Optical bright-field micrograph of a Hopf link particle and (upper
right inset) the corresponding 3D model. (lower left inset) SEM image of a photopolymerized tube from which all linked particles are made. (b) Bright-
field micrograph of a Solomon link particle, and (inset) corresponding 3D model. (c—f) Hopf link particle with tangential anchoring in a nematic LC.
(¢, d) Polarizing optical micrographs of a colloidal Hopflink in a nematic cell as viewed between crossed polarizers (white double arrows) (c) with and
(d) without a retardation plate (yellow double arrow). (e) In-plane cross-sectional composite 3PEF-PM image of a Hopf link and n(r) around it
obtained by superimposing two 3PEF-PM scans (with fluorescence shown in green and red colors) acquired using orthogonal, linear polarizations of
excitation light along directions depicted by green and red double arrows. (f) Perspective view of a numerically calculated n(r) depicted using colors on
the particle’s surfaces and using rods in the LC bulk. Colors on the surfaces of the particle show azimuthal orientations of n(r) with respect to n,
according to a color scheme shown in the lower left inset. (g—i) Colloidal Solomon links with tangential surface boundary conditions in a nematic LC.
Adapted with permission from ref 97. Copyright 2015 National Academy of Sciences. (j, k) Right- and left-handed colloidal springs, respectively,
imaged with 3PEF-PM while surrounded by an isotropic medium (immersion oil). Optical micrographs of (], n, p) right- and (m, o, q) left-handed
colloidal microsprings in SCB imaged using bright-field (I, m) and polarizing microscopy without (p, q) and with (n, o) a retardation plate. Adapted
with permission from ref 98. Copyright 2018 Springer Nature. (r) Nematic topological states stabilized by fractal Koch-star colloidal particles. Adapted

with permission from ref 99. Copyright 2017 Springer Nature.

speed depends on the particles’ dimensions and their density on a wafer,
and it takes about 5—10 min to draw microparticles within a 1 X 1 cm?
region.”” To promote perpendicular boundary conditions for n(r) on
the surface of particles, they can be treated with an aqueous solution
(0.05 wt %) of DMOAP and then redispersed in methanol. This
dispersion can be then mixed with SCB to obtain a nematic dispersion
after methanol evaporation overnight at an elevated temperature of 70
°C.

Using direct laser writing, a number of colloidal particles of different
geometrical and topological complexities were fabricated.”*~*>"*
Topological colloids with a genus g = 1—S5 with homeotropic anchoring
in nematic LCs* (Figure 7b—h) induce 3D director fields n(r) and
topological defects dictated by the colloidal topology and sponta-
neously align with their ring planes either perpendicular or parallel to
n,, depending on the interplay between the LC elastic and surface-
anchoring forces as well as on the dimensions of the topological colloids
with respect to the thickness of the experimental cells.”® Fabrication of
these handlebody particles allowed to show experimentally that
topological charge is conserved and that the total charge of particle-
induced defects always obeys predictions of the Gauss—Bonnet and
Poincaré—Hopf index theorems for colloids with topology distinct from
the topology of a sphere.*>*> Colloidal particles fabricated in the shape
of truncated flat pyramids (Figure 7j—o) with homeotropic surface
anchoring orient with their large faces normal to n, giving a rise to
peculiar n(r)-distortions determining LC-mediated elastic interactions
between colloids and their self-assembly.®"”* Spiral particles (Figure 7p
and 7q) with homeotropic or tangential anchoring can cause chiral
symmetry breaking of elastic distortions in a host nematic.®”

Two-Photon Polymerization. The two-photon polymerization
technique has another advantage over previously described methods by
allowing the fabrication of fully 3D colloidal particles of complex
topology at micro- and nanoscales.”® Anisotropic colloidal particles
were essential in recent efforts to reproduce the complexity of atomic
bonding in self-assembled colloidal structures.”” However, all
anisotropic colloids fabricated using photolithography or direct laser
writing techniques exhibit relatively high symmetry, and fabricated
colloids typically offer limited variations of surface topology.” To
obtain the rigid colloidal particles of especially complex shape and
topology, the two-photon photopolymerization method can be
used.”™"7 A schematic diagram of a two-photon photopolymerization
setup is shown in Figure 8a, where a tunable femtosecond laser is used
as an excitation light source. A femtosecond laser beam, for example,95
at 780 nm is introduced into an inverted microscope and focused into a
sample by an oil-immersion 100X objective with a high numerical
aperture NA = 14. The nonlinear nature of the multiphoton-
absorption-based photoinitiation process causes polymerization to
occur only in the vicinity of the focused beam’s focal point with the
subdiffraction-limited resolution dependent on the used laser power.
Commercial or LabView-based homemade computer software can be
used for synchronous control of both the shutter and the nano-
positioning stage to polymerize arbitrary 3D topological colloids. The
exposure of the sample is controlled by a fast shutter introduced into the
optical train of the photopolymerization setup before the microscope
(Figure 8a). During the photopolymerization, a computer-controlled
XYZ nanopositioning stage changes the relative 3D position of the
sample with respect to the focal point of the focused femtosecond laser
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Figure 10. Topologically nontrivial rGO structures in a bulk of an aqueous GO flakes dispersion. (a) Schematic diagram of rGO particles fabrication.
(b) Transmission-mode optical micrograph of a freely suspended rGO plane particle (a dark square) in an aqueous dispersion of GO flakes obtained
using 850 nm laser light; (inset) same sample area obtained using visible white light. (c) Photoluminescence texture of the rGO plane (a bright square)
shown in b; (inset) 6 X 6 yum? SEM image of a surface of a rGO plane microparticle. (d) Optical bright-field micrograph of an array of rGO trefoil knots.
(e, f) Optical bright-field microscopy textures of an rGO left-handed trefoil knot focused on the (f) middle and (e) top of the knot. (h, i)
Photoluminescence micrographs of an rGO trefoil knot scanned in the (i) middle and (h) top planes of the knot. (g) 3D perspective view of an rGO
left-handed knot reconstructed from photoluminescence data. Adapted with permission from ref 103. Copyright 2015 Springer Nature.

beam with a high precision on the order of subnanometers. The
intensity of the laser beam and its polarization at the sample plane can
be controlled by a pair of a Glan laser polarizer and a half-wave plate. To
imprint a computer-generated 3D shape into the photocurable material,
the XYZ stage is continuously translated and the shutter is timed so that
the focus of the femtosecond laser beam can visit and sequentially
polymerize all points of the desired volume of the complex-shaped
colloidal microparticle.

The experimental cells used for the photopolymerization typically
consist of two glass coverslips spaced with film spacers, and one of
coverslips is spin coated with a thin film of unidirectionally rubbed
poly(vinyl alcohol) (PVA) or other aligning agent. A small drop of UV-
curable optical adhesive NOA-61 (Norland Inc.) is sandwiched
between two coverslips held together by, for example, two pieces of
Scotch tape. Next, the cell is placed on a mounting clip attached to the
XYZ stage, so that it can be scanned over the objective during the
photopolymerization of 3D colloidal particles within the drop of optical
adhesive (inset of Figure 8a). During this process, the polymerization
starts at the interface with PVA and then advances away from the
substrate with PVA as the sample is shifted along the microscope’s
optical axis to “draw” the consecutive layers of a colloidal particle.
Obtained particles can be kept surface bound or released from the
substrate by carefully poking with a needle under the optical
microscope and then suspended within the LC. Similar particles can
be also polymerized in other materials, such as NOA-63 (Norland Inc.),
IP-G (NanoScribe GmbH), and the ultraviolet-sensitive photopolymer
SU-8 commonly used in photolithography. In the last two cases, the
particles could be photopolymerized in the bulk of the cell, so that no
mechanical or chemical detachment from the surfaces is needed.

The polymerized IP-L photoresist induces strong tangentially
degenerate anchoring at the interface between the polymer and the
nematic LCs such as SCB or others. Therefore, as-prepared particles
from IP-L photoresist impose tangential boundary conditions at their
surfaces. One can also achieve homeotropic anchoring when using
mixtures containing 75—98 wt % IP-L photoresist and 2—25 wt %
styrylethyltrimethoxysilane. After rinsing the polymerized structures as
described above, they should be submerged in a 0.5 wt % solution of
DMOAP in isopropanol for several minutes to allow bonding between

the silane chemical moieties in DMOAP and those exposed on the
surface of the polymerized mixture. They are then rinsed again with
isopropanol before being detached from the surface for retrieval and
mixing with the LC. Alternatively, to achieve homeotropic anchoring,
instead of doping IP-L with styrylethyltrimethoxysilane, plasma
treatment (for about S min) also can be used on the photopolymerized
colloids composed of IP-L without additives followed by surface
modification with DMOAP using a procedure similar to that described
above.

Two-photon polymerization allows for the fabrication of structures
and particles attached to surfaces” as well as free-standing”®”*** and
interconnected”® particles. Three-dimensional surface-bound particles
with tangential surface anchoring (Figure 8b—h) were designecl95 using
two-photon polymerization, demonstrating that they can cause low-
symmetry, long-range elastic n(r)-distortions, induce twist of the
director, and impose elastic torque on the nematic LC n(r) which is
transmitted on large distances. Such particles may enable creative
means of patterning bulk alignment of nematic LCs and the design of
long-range elastic interactions between the nematic LC fluid-borne and
surface-attached colloidal particles for their structured elasticity-
mediated self-assembly.

Two-photon polymerization was also used to fabricate especially
complex colloidal particles with the surface topology of torus knots
T(p,q)-"°>'*" These particles are formed by knotted polymeric rigid
tubes that, before having their ends joined, are looped p times through
the hole of an imaginary torus with g revolutions about the torus
rotational symmetry axis (Figure 8i—s). Colloidal knots with tangential
surface boundary conditions distort n(r), which approaches the
uniform n, at large distances from the particles, but because their
complex shape is incompatible with the homogeneous field of the
aligned nematic LC, boojums emerge at the surfaces of colloidal
particles and, due to scattering, are visible in bright-field micrographs as
dark points (Figure 8n—q).

Using this method, colloidal microparticles with differently linked
components were also realized.”” They are shaped as closed solid
polymeric rings with disconnected surfaces that both freely move
relative to each other (Figure 9a—i). After dispersing in a nematic LC,
these particles induce a large variety of n(r)-configurations and looped
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Figure 11. (a) Schematic of a self-assembled molecular-platelet motor suspended in a nematic LC between two confining glasses. Green rods represent
n(r); red rods show azobenzene molecules on the platelet surface; black semisphere on one of the vertices of the hexagon represents boojums; circular
yellow arrow shows direction of rotation. (b) Polarizing micrograph obtained with red imaging light when a platelet is illuminated by linearly polarized
blue light with P_llny. (¢, d) Corresponding schematics of n(r) (green lines) (c) in the plane of platelets and (d) beneath the platelet. (e) Time
dependence of spinning angular speed and a net azimuthal rotation angle ¢ of a colloidal motor probed in the presence and absence of blue light. (f)
Video frames of translational motion of about 1 ym thick colloidal platelets accompanied by its rotation (yellow circular arrows) under blue light with
polarization P, at 45° relative to n,. Elapsed time is marked on images. Adapted with permission from ref 107. Copyright 2018 Springer Nature. (g)
Colloidal attractions of two monopoles with same signs at all orientations manifested by color-coded trajectories, where P, is at about 20° with respect
to n,. (Insets) Micrographs of the interacting particles, and black dashed arrow indicates the direction of relative motion. (h, i) Polarizing micrographs
of elastic monopoles with same/opposite sign by exposing to linearly polarized blue light with same/opposite polarization. Pair of white arrows
indicates attraction/repulsion of two monopoles. Adapted with permission from ref 115. Copyright 2019 Springer Nature. (j) Photoswitching on chiral
and nonchiral states of gold nanorods templated by DNA origami. Given the trans—cis isomerization of azobenzene, the DNA origami undergoes
hybridization and dehybridization on ultraviolet and visible light illumination. (k) Schematic of photoswitching chirality of plasmonic origami in a

cellulose nanofiber-based nematic LC. Adapted with permission from ref 26. Copyright 2019 Optical Society.

and linked vortex lines that entangle the linked components of colloidal
particles, resulting in their elastic coupling. Linked colloidal rings can
induce n(r)-configurations, which are topologically distinct from each
other but always satisfy the topological constraints. Chiral spring-like
colloidal particles of different handedness and with tangential boundary
conditions (Figure 9j—q) were fabricated using two-photon polymer-
ization to study the effects of chirality on the director structures and LC-
mediated elastic interactions between chiral particles.”® To study
coupling between the fractal order and the uniaxial nematic vector-type
ordering, polymer Koch-shaped hollow colloidal prisms of three
successive fractal iterations were produced by two-photo polymer-
ization,”” and their surfaces were treated with DMOAP silane to create
a homeotropic surface alignment of LC molecules (Figure 9r).
Preparation of Colloidal Microparticles through Controlled
Aggregation of Graphene Oxide Flakes. There is high and still
growing interest in carbon-based materials such as carbon nanotubes,
graphene nanosheets due to their outstanding physical, chemical,
thermal, and electric properties.'"®> Carbon-based materials can offer
the possibility to obtain colloidal particles with the electrical properties
of dielectrics, semiconductors, and conductors. The two-photon
polymerization method and setup can be also used for three-
dimensional patterning of solid microstructures and colloidal particles
from reduced graphene oxide (rGO) using laser reduction of colloidal
graphene oxide (GO) in LC dispersions."”* Fabrication of rGO solid

colloids starts from the preparation of aqueous dispersions of GO flakes.
The improved, mostly single-layer GO flakes were synthesized by
methods'®* modified for their large-scale production and obtained as a
dispersion in deionized water.

To prepare a sample for three-dimensional patterning with a two-
photon polymerization, the aqueous dispersion of GO flakes was first
tip sonicated for a few hours at about 35 W of ultrasonic power using a
sonifier operating at 20 kHz, which allows one to obtain monodisperse
flakes of smaller size.'%® Higher concentrations of GO flakes in
dispersions allow for obtaining a homogeneous nematic LC phase. LC
dispersions of GO are sandwiched between two clean untreated glass
substrates for laser-induced reduction of GO flakes. A gap between
substrates can be set using Mylar films of desired thickness. Dispersions
of GO flakes should be sonicated in an ultrasonic bath for several
minutes before assembling a cell to remove preexisting aggregates.
Evaporation of water from the experimental cells can be prevented by
sealing samples with an ultraviolet-curable glue NOA-63.

The integrated 3D laser-induced reduction of aqueous GO flake
samples can be performed at room temperature using the same two-
photon polymerization setup as shown in Figure 8a. The excitation
beam is directed to the sample by a system of mirrors and focused into
the sample (Figure 10a) using a high numerical aperture oil objective.
The spatial 3D position of the excitation beam in the volume of the
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Figure 12. (a) Schematic of the light-controlled orientation of LC molecules via azobenzene monolayers (red rod) bounded on the glass surface. (b)
Rotation of a self-assembled chain of dipolar silica spheres within a light-reconfigurable twisted domain. Chain of dipolar spheres rotates by one-half of
the twisted angle. (c) Director field n(r) around the chain of dipolar spheres. (d) Snapshots of a dipolar colloid interacting attractively to a twist
domain; elapsed time is marked on images. (&) Simulated n(r) in the midplane of a cell with a dipolar particle and an /2 twist domain (blue); elastic
dipole moment p and velocity v are marked, respectively, by blue and red arrows. Adapted with permission from ref 106. Copyright 2011 National
Academy of Sciences. (f) Schematic of unwinding/winding of cholesteric LC helixes (left) under blue/green light illumination and corresponding
grating cholesteric LC textures (right). Orange cylinders denote the directions of grating stripes. White double arrows the orientation of crossed
polarizer is given with double white arrows. (g) Helical configuration of the photopatterned cholesteric LC film with green rod represents an
azobenzene molecule, and blue rod denotes LC molecule. (h) Converging of numerous microspheres took place on a radial periodic aligning
cholesteric LC film with alignment condition (left), initial state (middle), and end state (right) given. Adapted with permission from ref 108. Copyright
2021 American Association for the Advancement of Science. (i) Structure of a molecular motor. (j) Rotation of a glass rod placed on a LC film upon
irradiation with ultraviolet light. Adapted with permission from ref 109. Copyright 2006 Springer Nature.

sample can be controlled, for example, with the galvanomirror scanning
unit. The 3D reduction of aqueous GO flakes is performed using a
pulsed laser beam at 850 nm and a moderate laser fluence. The dwell
time or scanning speed is also controlled by a scanning unit. The
fabricated solid rGO colloidal particles can be imaged using the same
setup with an average laser power for photoluminescence imaging
(Figure 10c and 10g—i) low enough to prevent the photo and thermal
damage. For this, excitation of the GO flakes is performed also at 850
nm, and the unpolarized photoluminescence light can be detected in a
range of about 400—700 nm in a backward mode with a photomultiplier
tube detector (Figure 10c and 10g—i). The polarization of excitation
could be varied using phase retardation plates mounted before an
objective.

Photoresponsive Surface Interactions as Means of Control-
ling Nematic Colloids. Surface interactions on colloidal particles’
surface allow for the activation of their translational or rotational
motion due to facile response to lightms_l 19 or other external
stimuli.'*""*> Among the key features allowing the transformation of
passive colloidal inclusions into micromotors and micromachines are
functionalization of azobenzene dye molecules on the surface of
colloidal particles'®''*~"'*> or using azobenzene dyes in the
anisotropic nematic fluid host,'°%!007108116=123

When it comes to designing and synthesizing azobenzene dye to be
functionalized on the particle surface, one needs to keep in mind that

the azobenzene dye should be robustly attached onto the surface and
needs to readily respond to light within a viscous nematic medium. In
our works,'**'”” for example, derivatized methyl red (dMR) is
synthesized and coated onto the particle’s surface in a single, covalently
bound layer."** The dMR monolayer exhibits high sensitivity to blue
and ultraviolet light, which gives rise to efficient energy transduction in
a light-driven motor.'"” The representative colloidal micromotors are
formed by thin, optically transparent silica platelets fabricated via direct
laser writing photolithography® with monolayers of dMR molecules
self-assembled on their surfaces (Figure 11a). To promote surface
binding of dMR molecules, platelets are immersed in a piranha solution
for about 1 h to produce hydroxylated colloidal surfaces. Then, they are
submerged in 20 mL of a toluene solution containing S mg of dMR and
20 L of n-butylamine and kept overnight at an elevated temperature of
45 °C, followed by rinsing with toluene and curing at 120 °C for 2 h.
The resulting platelets are then dispersed in isopropanol and can be
mixed with a nematic LC. Isopropanol should be evaporated (for
example, at 75 °C, above the nematic—isotropic transition temper-
ature) after mixing with the LC and forming the LC colloidal dispersion
(Figure 11a).

In the presence of blue excitation light with polarization P, which is
different from that perpendicular to n, (Figure 11d), the azobenzene
moieties anchored on the platelet surface rotate to orient orthogonal to
P,, causing n(r) to twist above and beneath the platelet (Figure 11a),
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which, in turn, rotates n(r) at the platelet—LC interfaces together with
the platelet itself (Figure 11b—d). The twist configuration within the
LC layer above a platelet again modifies the polarization state of light
traversing the platelet, thus promoting additional rotation of
azobenzene moieties, the platelet, and n(r) to yield an opto-mechanical
cycle. The rotation angular speed exhibits apparent periodicity (Figure
11e). For thick > 1 um platelets, the optical response of azobenzene at
the edge faces additionally breaks the symmetry of director distortions,
which can result in the conversion of rotation into translation (Figure
11f). Translation of colloidal particles can also be prompted by the
continuous trans—cis—trans isomerization of azobenzene attached on
the particle surface, where the trans—cis—trans isomerization generates
a microsized isotropic phase inducing an elastic force between nematic
and isotropic phases to drive particles.''*

The rotation direction of colloidal platelet can be predefined by
slightly deviating the light polarization P, away from n,, in which
perturbations of n(r) are monopole like (Figure 11c) and the elastic
charge of the monopole has the same sign as 6 (6is the angle between P,
and ny). The sign of their monopole moments can be switched by
rotating the linear polarization of light in an opposite direction (Figure
11h and 11i). However, unlike in electrostatics, like-charged elastic
monopoles with the same signs attract (Figure 11g and 11h), while
oppositely charged ones repel each other (Figure 11i). This happens
due to the tendency of the LC to minimize the distortions of n(r),
where like-charged elastic monopoles (with a similar direction of
director rotation around them) can reduce created elastic distortions
when spatially approached, whereas oppositely charged monopoles can
only minimize the free energy by increasing their distance.'"> By
optically switching the direction of the particle’s rotation and the
colloidal monopole’s sign, this system allows for fascinating switching of
colloidal interactions between repulsive and attractive with light.

Azobenzene molecules as incorporated into big molecules, such as
DNA strands, can also help to photoswitch the chirality of DNA
origami-templated plasmonic nanomaterials."'® For example, the
azobenzene molecules are in the trans form when exposed to visible
light, causing hybridization of the DNA origami, which endows the
composite chiral state with gold nanorods attached to the DNA origami
and dispersed in the cellulose nanofiber nematic medium (Figure 11j
and 11k). In contrast, on ultraviolet light illumination, the azobenzene
molecules switch to the cis form, resulting in dehybridization of the
DNA origami and an achiral form of the nanomaterial, as demonstrated
in ref 116. This, in turn, allows for optical control of mesoscale
composites based on plasmonic nanoparticles scaffolded by colloidal
origami within Iyotropic nematic LC host media."'®

Manipulation of colloidal particles in nematic host can also be
accomplished by means of bonding a light-controlled dMR monolayer
on the inner glass surfaces of the LC cells.'*® To obtain a monolayer on
the confining glass plates, these glass plates are typically cleaned by
immersing in a piranha solution for 1 h, rinsing with isopropanol, and
curing at 100 °C for 1 h. The cleaned glass plates are then soaked in
dMR solution (1 wt % in toluene) for 90 min at 45 °C to facilitate
surface bonding of dMR molecules, which is followed by a toluene rinse
to wash away the excess dMR, dry nitrogen blowing, and curing for 2 h
at 115 °C. The cell then is fabricated by assembling two glass plates with
a gap defined by the size of the silicon spacers. The boundary conditions
at the top and bottom surfaces can be independently controlled;
therefore, a domain with designable twist angle across the cell can be
generated (Figure 12a and 12b). In such twisting director field
landscape, particles, and their self-assembled structures, such as chains
of dipolar colloids (Figure 12c), rotate their directions and follow the
twist orientation of n(r) in the cell midplane. The light-induced n(r)
twisted domain also exerted anisotropic interactions to colloids with
strong boundary conditions. For example, a particle with a dipolar n(r)
structure interacts attractively with the twisted domain (Figure 12d) in
order to eliminate the energetically costly region of strong elastic
distortions between the particle and the trap (Figure 12e¢). In contrast,
colloidal particles with the same orientation of the elastic dipole
moment p in position 2 experience repulsion (Figure 12e).

With azobenzene film on the inner confining glass surfaces,
additional functionalized dopant in the LC host, e.g, photosensitive

chiral dopant, or with additional employment of an electric field,
external stimuli can effectively promote microparticle motions in a
customized way.'®*'"" For example, when a photoresponsive left-
handed chiral dopant is adopted, the semifree cholesteric LC film
(Figure 12g, with only one confining substrate) undergoes reversible
unwinding/winding upon exposure to blue/green light due to the
change of chiral dopant conformation (Figure 12f).'*® The unwinding
of the cholesteric LC layer causes synchronous rotation of the grating
texture (Figure 12f), and the rotation then leads to a translation of
sputtered microparticles. By making use of this feature, Ma et al.'"®
demonstrated collective convergence (Figure 12h), divergence,
aggregation, and orbiting of numerous microspheres within the LC
film. Similarly, doping helical molecules featuring photoreconﬁgurable
chirality allowed for rotating microparticles within a LC film.""” In the
presence of ultraviolet light, isomerization occurs around the central
double bond (Figure 12i), which results in cholesteric’s handedness
inversion from left- to right-handed. A subsequent thermal step again
causes a helicity switch from right- to left-handed at 20 °C, and so on.
Interestingly, the helicity inversion accompanies reorganization of the
grating texture of a cholesteric LC film in a rotational fashion and leads
to the rotation of microparticles sprinkled on the LC film (Figure 12j).

The defect structure induced by the immersed colloidal droplets can
be tailored by azobenzene doped in a LC host."'™"** The trans—cis
isomerization of azobenzene upon exposure to ultraviolet light causes
the surface boundary condition of the glycerol droplets to switch from
homeotropic to tangential alignment. As a result, the topological defect
structure of the Saturn ring around the droplets transforms into that
containing two boojums. The opposite structural transformation from
two boojums to a Saturn ring can then take place under visible light
irradiation accompanying cis—trans isomerization,''¢~"?!

B CONCLUSION

The above overview of methodologies developed for fabricating
various nematic LC colloids shows that the colloidal particles
can be predesigned to induce desired director distortions and
topological defects in the LC host media.'*>~">* This allows for
designing and realizing colloidal analogs of atoms that can
interact in well-defined ways, for example, mimicking inter-
actions of multipolar charge distributions ranging from
monogoles to hexadecapoles and even higher order multi-
poles.””>”? Compared to electrostatics however, these inter-
actions are further enriched by the LC’s elastic constant
anisotropy, the more complex nature of multipolar director field
configurations as compared to (scalar in nature) multipolar
charge distributions in electrostatics, as well as the large variety
of emergent effects related to the near-field interactions,
topological defects, screening of distortions due to finite-size
effects, and confinement, etc. The electrostatics analogy,
however, provides the initial set of considerations for designing
interactions and self-assembly of nematic col-
loids.>®!72552758150 Byternal stimuli, such as light and electric
or magnetic fields, can be used to reconfigure interactions
between the nematic colloids, including the very possibility of
turning attractive interactions into repulsive interactions and
vice versa.''* The use of electrostatic interactions enabled by the
colloidal particle’s surface charging®* allows for counter-
balancing the anisotropic (including strongly attractive) forces
arising due to the orientational elasticity of LCs with the
(Coulomb-like) electrostatic repulsive interactions, which helps
to eliminate the issue of too strong binding (thousands of kzT)
between nematic colloidal objects that cannot be overcome by
the strength of thermal fluctuations.”® ** Thus, LC host media
provide a versatile platform for controlling both the anisotropy
and the strength of the interparticle forces, which is essential for
controlling their self-assembly. This approach already helped to
realize molecular—colloidal analogs of orthorhombic and
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monoclinic biaxial nematic fluids, ferromagnetic (chiral)
nematic LC colloids, triclinic and other colloidal crystals, and
SO on.

Nematic LC colloids also display fascinating diversity of the
particle-induced defects,’”'**™"** which can take geometries
and topologies ranging from point and line and surface defects,
where the lines can take the forms of closed loops corresponding
to unknots (rings) or various torus knots. Furthermore, the
closed loops can be linked (or not) with knotted particles and
other defect loops.”™"® Like in the case of multipolar
distributions, the structure of the particle-induced defects can
be reconfigured by external stimuli like fields and light. Beyond
the self-assembly arising from the long-range interactions due to
the elastic field deformations induced by the particles, the
nematic colloidal particles can self-assemble through sharing or
interlinking of defect lines.

While the majority of studies of nematic colloids focused on
equilibrium conditions, these systems display even more
fascinating types of behavior when they are driven out of
equilibrium. The phenomena reported so far include various
types of colloidal translations and rotations,”*'*”'*>'3° with the
motions arising due to nonreciprocal dynamics of the director
field distortions around particles, backflow, various electro-
phoretic and dielectrophoretic effects, etc. The motion
directions as well as spinning and orbiting behaviors can be
controlled using particles with desired shapes, symmetry
breaking due to particle-induced defects, deposited layers of
metal, etc.

While 25 years® of intensive research on nematic colloids has
brought about many emergent effects and novel types of physical
behavior, the research so far has mainly focused on under-
standing of the vast variety of physical behaviors in such systems.
At the same time, these systems could allow for the “inverse
design” of the physical behavior like self-assembly and tailored
interactions by designing particles and conditions under which
they interact and self-assemble. Past studies provided a solid
platform to pursue such efforts, but very little has been done so
far in this direction. By designing interparticle interactions
between colloidal objects with different shapes, topologies, and
chemical compositions, hypothetically, artificial, man-made
materials of desired properties can be realized through
mesoscale colloidal self-assembly.”®””" The self-assembly-
based approaches to fabricate new materials by design is
perhaps the most promising research direction in the liquid
crystal, colloidal, and overall soft matter research fields.
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