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Preface

The idea for this Special Issue arose after several conferences on liquid crystals, when we realized
that our research field had substantially departed from the original aspects of liquid crystal research:
the synthesis and characterization of novel materials, and the drive to optimize their properties and
develop new concepts to improve the LC displays that had taken the world by storm. In the last
15 years, this area has changed significantly. Of course, new materials are still being developed and
displays are being improved, but there has been a shift in and widening of the scope of liquid crystal
research. Colloidal liquid crystals have been developed, and active LC systems, biological liquid
crystals, and polymer modification have grabbed the interest of researchers. The field of applications
has widened significantly to lasers, biological sensors, (bio)-photonics, drug delivery, micro-cargo
transport, smart glass, and much more.

It is an exciting and enlightening time for liquid crystal research, and I would like to thank all
the authors for their efforts to contribute articles that reflect this broadening of liquid crystal-related
research and its applications as we have moved into the 21st century. I would also like to thank the
staff at MDPI’s journal Crystals, and especially Lea Li, for all their work in organizing potential author
lists, finding reviewers, and providing general editorial support.

And lastly, I hope that you, the reader, will find this Special Issue as interesting and
thought-provoking as I did.

Ingo Dierking
Guest Editor
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Liquid crystals (LCs) are largely known as the materials used in flat panel displays,
from simple pocket calculator displays to laptop screens, all the way to large TVs [1]. The
technology is, in principle, still based largely on the original work from half a century
ago, albeit of course with numerous advances and improvements [2] in materials, address-
ing, electrode patterns, alignment, and processing. While excellent displays with great
viewing angle characteristics and video capability have been available since the turn of
the millennium, fundamental display research has slowed down and progressed towards
3D vision, holographic displays, augmented and virtual reality devices (AV-VR) [3], and
flexible displays.

In fundamental research of liquid crystals, interest has somewhat shifted from
structure—property relationships like ferroelectric and antiferroelectric LCs (FLC and
AFLC) [4-7], Twist Grain Boundary Phase (TGB) [8-10], or bent-shaped liquid crystals [11-14]
towards a broader variety of questions, which are more closely related to other fields of
research, like fundamental physics, optics and photonics, topology, biology, and nanotech-
nology. One can also observe an increasing overlap of topics, which indicates a growing
synergy and multi-disciplinarity. An example would be the combination of liquid crystals
and polymers to LC elastomers, which show promise in the application for soft robotics.
Yet this should not take away from the interesting developments in the synthesis of new
materials showing novel phases, particularly those of the nematic state, for example, the
twist-bend phases, which by now have been studied extensively through materials [15,16]
and theory [17]. Probably even more of interest in the future will be the recent discovery of
ferroelectric nematic liquid crystals [18,19], the long sought “holy grail” of LC materials.

A topic that has largely raised interest from the fundamental and application point
of view are rubber-like materials, elastomers, with liquid crystalline order [20]. These can
be exploited as multifunctional materials, especially when prepared as composites [21].
Applications are mainly proposed for their use as smart, soft actuators [22], for example,
in the field of soft, small-scale robotics [23], but also other applications as we shall see
below. Into a similar category falls the technique of fibre drawing from liquid crystals,
often from lyotropic phases. Such fibres have been known for quite some time in the
form of Kevlar® or Nomex®, but more recently additional functionalities besides high
tensile strength have been incorporated through the use of 2D materials such as graphene
oxide [24,25] or MXenes [26]. These functionalities can comprise conductivity, so that one
can weave high-tensile fabrics with the possibility to generate power.

Another trend that has set off an increasing activity in liquid crystal-related work is
the development of advanced functional materials, using the self-organisation and self-
assembly of liquid crystals together with properties that are electric, magnetic, mechanical,
or optic in nature [27]. Liquid crystals used can be thermotropic or lyotropic, and the
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functionality is often added via dispersion of colloids. The interactions between liquid
crystal and colloidal particles lead to deformations of the director field and the obser-
vation of point or line defects. Furthermore, these defects may interact to form two- or
three-dimension colloidal crystals [28]. Colloids of different shape and form, like plates,
knots, or helices, embedded in a liquid crystal matrix can produce artificial materials of
great complexity [29,30]. Other examples can be found by dispersing low-dimensional
carbon allotropes in thermotropic liquid crystals [31], or the formation of lyotropic liquid
crystal phases by dispersing shape-anisotropic colloids in isotropic solvents [32]. These
materials open a whole new field of tunable and switchable devices in liquid crystal-aided
nanotechnology and nanoscience [33].

Colloidal liquid crystals are closely related to active liquid crystals [34], where motile
bacteria, viruses, phages, or spindle-shaped cells, self-propelled, and often biological
colloids are dispersed in liquid crystals [35]. Again, the latter can be of the thermotropic or
the lyotropic type but are often lyotropic to assure a longer survival time. Similarly, such
colloidal materials in an isotropic solvent, (often water), can also lead to the formation of
liquid crystal phases, depending on concentration. Active liquid crystals or living liquid
crystals are gaining increasing interest as topological defects, for example, allow the steering
of viruses or bacteria. Due to their monodispersion, they can also be exploited as model
systems in soft matter physics [36].

Liquid crystals also increasingly draw on self-organisation mechanisms observed in na-
ture, bio-inspired liquid crystals and materials. Structures formed are often chiral [37]-like
helical cholesteric structures found in certain beetles, which demonstrate quite astonishing
optical properties, such as the reflection of circular polarised light, but which could also
be used as active media in bio-lasers. Crosslinking of dispersed bifunctional monomers
can lead to bicontinuous films with widened selective reflection, or tunable reflection
wavelength, for example, in the use of smart glass, privacy windows, or scattering displays,
which can also be produced with flexible substrates. But also, Blue Phases and lyotropic
systems can be achieved from nature-inspired materials. Examples of the latter are of the
colloidal type, for instance, liquid crystal phases of DNA or from cellulose nanocrystals
(CNC), which can also be dried into solid films with selective reflection properties [37].
One cannot only observe the overlap with a range of photonic properties, but also in the
production of multifunctional materials as they were discussed above, for example, as
actuators and sensors in soft bio-inspired robotics [38] and generally as nature-inspired
liquid crystal-actuator materials [39]. Such actuators can be driven by electric or magnetic
fields, light, temperature, or pressure [40], ideal for soft robots. Cellulose nanocrystals have
attracted much attention in recent years as colloidal liquid crystals on the basis of biological
structures [41]. Their inherent chirality leads to lyotropic cholesteric liquid crystals for
which the pitch can be varied by a large variety of parameters, such as concentration,
aspect ratio, crystallite surface treatment, or the addition of salt. This varies the rheology
and optical properties of the liquid crystal. Additionally, CNCs may be combined with
polymers or 2D materials in composites, varying mechanical properties.

Much related to bio- or nature-inspired liquid crystals is the use of these materials for
biomedical applications [42], due to their inherent biocompatibility and responsiveness.
This includes all areas of biomedicine, not only technical aspects such as bioimaging and
biosensing, also through wearable technologies, but also implants and tissue engineering,
and of course drug delivery. For the encapsulation, transport, and delivery of drugs,
cubosomes have proven to be of substantial potential [43-45]. These are liquid crystalline
structures formed from the cubic phases of lipid molecules. Choice of lipid and amphiphiles,
liquid crystalline phase, alky-chain length, stabilisers, and many more parameters allow a
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large variety of tuning mechanisms, which is beneficial for the development of the ideal
structure for transport, delivery, and release of specific drugs.

One of the general topics of mathematical physics that has found its way into liquid
crystal research over the last decade or so, and which is attracting increasing interest, is that
of topology [46]. Also a topic in the wider field of soft matter, topology and knot theory, as
well as defects and solitons, can be found in descriptions of polymers, DNA, proteins, living
matter, or colloids. Examples involving liquid crystals are the following: (1) linear chains or
2D and 3D aggregates of colloids being held together by knots [28,47,48]; (2) motile bacteria
in lyotropic nematic liquid crystals being steered by topological defects; or (3) the topology
of liquid crystal director fields confined to droplets or shells. Closely related systems are
topological solitons observed in liquid crystals [49,50]. The latter field has evolved quite
rapidly over recent years with the experimental observation and description of skyrmions
and skyrmion bags, hopfions, directrons and heliknotons, transformations between these
solitons, interactions, and their dynamics and collective behaviour.

From a more applicational point of view, the alignment of liquid crystals on surfaces
seems to have experienced a renaissance with the development of increasingly sophisti-
cated techniques of producing patterned substrates, for example, through photo-patterned
substrates for the alignment of liquid crystals for photonic applications [51]. But also,
bio-inspired surfaces [52] can be used to tune the wettability of liquid crystals on surfaces
to produce semi-droplets or droplets for micro-photonics; substrates can be patterned for
tunable meta-materials or for the use in liquid crystal-based sensors for gases, solvents,
or biomolecules.

Non-display applications of liquid crystals have taken hold of a considerable amount
of efforts, now that large-area, high-performance screens are readily available at a decent
price. We have already mentioned elastomers and their potential for robotics, as well as
polymer stabilised- and polymer-dispersed liquid crystals for use in privacy windows,
smart glass, and as environmental building materials for heat regulation. Other applications
of liquid crystal polymers have been proposed as membranes in fuel cells [53]. Different
liquid crystal phases can be used in self-assembled, tunable, soft photonics [54], or as light-
driven materials in photochromic, photo-stimulated, or photo-modulated applications [55].
Of interest is certainly also the development of tunable lasers of liquid crystal-based
materials [56,57], which comprise band-edge lasers of cholesteric and Blue Phases, and
random lasers of nematics, polymer-dispersed liquid crystals (PDLC), quantum dot-doped
LCs, and other nanoparticles dispersed in the liquid crystal. An interesting development
can also be seen in micro-lasers, with whispering gallery modes observed from liquid
crystal droplets [58]. A further field of LC applications that has generated significant
impact is that of chemical and biochemical sensors on the basis of texture transitions of
liquid crystals, either from homeotropic to planar orientation or vice versa [59-63]. These
offer the opportunity to mass produce sensor devices at a reasonable price, which are easy
to use and transportable, offering a potential self-test opportunity for the next pandemic.

At last, one also needs to mention that the field of computer modelling and simulation
of liquid crystals has made some significant steps forward in recent years [64]. Of course,
research can still not perform full atomic simulations of thermodynamic ensembles, nei-
ther for thermotropic liquid crystals and certainly not for lyotropic ones, which face the
additional difficulty of the large number of solvent molecules present. But nevertheless,
bent-core phases, the newly discovered nematic phases—like twist-bend nematics—are
obtained, as are lyotropic systems and chromonics, as coarse-graining techniques have
evolved and improved.

We have listed several aspects of liquid crystal research, together with a range of
corresponding recent review articles, which I feel have held a preeminent position of
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interest in the last decade and which promise to continue to do so in the short- and medium-
term future. This list is obviously somewhat biassed, and I am sure that readers may have
other topics that they feel deserve mentioning as well. In any case, the breadth of research
around liquid crystals has clearly increased over recent years, which is also reflected by the
articles submitted to this Special Issue on liquid crystal research and applications of the
21st century. These can be arranged into five general areas, which are often interconnected,
reflecting the multi-disciplinarity of the topics, also in relation to aspects mentioned above:

A: Liquid crystal elastomers and polymer-modified liquid crystals, covering the role
of elastomers in biological applications [65] and multi-mode shape-morphing [66].

B: Photonics and sensors, summarising Tamm plasmons in liquid crystal devices [67],
density functional theory calculations to interpret experimental IR spectra of chiral meso-
gens [68] and photo-physical properties of liquid crystals [69].

C: Topology and solitons in liquid crystals, reviewing chiral, topological, and knotted
colloids in liquid crystals [48], and studying topological defect annihilation of colloid-doped
LCs by machine learning [70].

D: Interactions with substrates and alignment, giving accounts of polarisation coupling
between ferroelectric liquid crystals and solid ferroelectrics [71], a detailed investigation of
the cholesteric lying helix state [72], and effects of photo-patterning conditions on anchoring
strength [73].

E: Phase structure of thermotropic and lyotropic liquid crystals, providing a structural
study of the nematic phase [74], and lyotropic structures from sphere-rod amphiphilic
compounds in a solvent [75].

I hope that this Special Issue of Crystals conveys the large range of research topics
covered by liquid crystal-based systems, from chemistry, physics, and mathematics to
biology and engineering. I hope that it also conveys the excitement of timely research
topics available, ranging from topology and solitons to defect dynamics, from elastomers
and photonics to biomaterials, and phase structures to subtle interactions with surfaces. I
would like to thank all contributors for their time and engagement with this issue on liquid
crystal research and novel applications in the 21st century.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The geometric shape, symmetry, and topology of colloidal particles often allow for control-
ling colloidal phase behavior and physical properties of these soft matter systems. In liquid crystalline
dispersions, colloidal particles with low symmetry and nontrivial topology of surface confinement
are of particular interest, including surfaces shaped as handlebodies, spirals, knots, multi-component
links, and so on. These types of colloidal surfaces induce topologically nontrivial three-dimensional
director field configurations and topological defects. Director switching by electric fields, laser
tweezing of defects, and local photo-thermal melting of the liquid crystal host medium promote
transformations among many stable and metastable particle-induced director configurations that can
be revealed by means of direct label-free three-dimensional nonlinear optical imaging. The interplay
between topologies of colloidal surfaces, director fields, and defects is found to show a number of
unexpected features, such as knotting and linking of line defects, often uniquely arising from the non-
polar nature of the nematic director field. This review article highlights fascinating examples of new
physical behavior arising from the interplay of nematic molecular order and both chiral symmetry
and topology of colloidal inclusions within the nematic host. Furthermore, the article concludes with
a brief discussion of how these findings may lay the groundwork for new types of topology-dictated
self-assembly in soft condensed matter leading to novel mesostructured composite materials, as well
as for experimental insights into the pure-math aspects of low-dimensional topology.

Keywords: liquid crystal; colloids; topology; chirality

1. Introduction

Liquid crystals (LCs) are characterized by the long-range orientational order of con-
stituting mesogens with anisotropic shapes, with the simplest form being a nematic LC
consisting of rodlike molecules [1-3] (Figure 1a). Despite the crystal-like anisotropic prop-
erties stemming from the orientational ordering, the weak intermolecular interactions
between LC mesogens still allow for uninhibited translational motions of the building
blocks and thus liquid-like flow, earning the name “liquid crystal” of the medium that
combines properties of crystals and liquids. Different from isotropic fluids such as water,
LCs feature large anisotropic dielectric and optical properties as a result of the molecular
orientation field. The combination of such anisotropy and the facile responsiveness to ex-
ternal stimuli enables far-reaching technological applications, notably the flat-panel liquid
crystal displays. Such properties of LCs also provide a unique anisotropic environment for
colloidal particles, giving rise to rich phenomena not observed in conventional isotropic
solvents, opening avenues for addressing fundamental physics questions as well as explor-
ing pre-designed development of novel functional materials [4-8]. Of particular interest is
how the geometric shape, symmetry, and topology of colloidal particles interact with the
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LC molecular orientation field to enrich this behavior, leading to unusual topological field
distributions, colloidal interactions, and self-assembly processes.

Colloids are mixtures where particles of 1 nm to 10 pum are stably suspended in a
solvent [9-11]. Particles of this size range are susceptible to Brownian motions which ensure
the equilibrium suspension of colloidal systems, and are also responsible to other unique
colloidal behaviors including light scattering, depletion interaction, capillary assembly, etc.
Common everyday objects including milk, fog, and clay are all colloids in nature, while
artificial colloidal systems have found applications in cosmetics, energy harvesting, smart
materials, etc., as well as in understanding fundamental science questions ranging from
mechanisms of phase transitions to emergent properties of self-assembled materials [9-14].
When introduced to a LC medium, colloidal particles force the surrounding LC molecules to
reorient in order to accommodate the volume occupied and interfacial boundary conditions
imposed by the foreign objects. Such accommodation manifests as the redistribution of
the LC orientation field including both continuous deformations and singular defects,
which can spatially propagate far beyond the physical extent of the colloidal particle.
The equilibrium state of the LC colloidal system is determined by the configuration that
minimizes the total energy cost associated with the field distortions, which also leads to
long-range colloidal interactions mediated by the LC anisotropic elasticity. With the ability
to define how the LC orientation field is disturbed, the size, shape, and surface properties
of colloidal inclusions become important contributing factors determining the equilibrium
states and dynamic processes of the composite LC colloidal systems.

Early studies of LC colloids were usually carried out on highly symmetric particles of
trivial topological characteristics, such as spheres, rods, or discs [15,16]. The technological
advancement in colloidal fabrication [4,5,17,18] and microscopic imaging [19] in recent
years has allowed researchers to obtain colloidal particles of much more complex morpho-
logical characteristics, as well as resolve fine details on LC field distributions induced by
these particles. Examples of fabrication techniques include two-photon photopolymer-
ization (2PP) and new chemical synthesis protocols to obtain chiral or knotted colloidal
particles in nano and micrometer size ranges and made of a large range of constituent mate-
rials ranging from polymerizable resin to noble metals, which are reviewed elsewhere [18].
Imaging and optical manipulation techniques include three-photon excitation fluorescence
polarizing microscopy (3PEF-PM) and holographic laser tweezer. Concurrently, devel-
opments in computational modeling have enabled accurate simulations of complex LC
colloidal systems, providing insights into the underlying physics and guiding experimental
design [4,5,20].

In this review, the authors intend to provide a concise account of nematic LC colloids
containing particles of complex geometries such as chiral, topological, knotted, and linked
features. These types of colloidal particles impart their symmetry-breaking and topologi-
cally nontrivial geometries into the LC orientation field in the forms of chirality-dictated
interactions, topological constraints on singular defects, as well as knotted field configu-
rations, which is of both fundamental science and application significance. The review
is structured as follows: after these introductory statements and remarks, the following
section will lay out the physical underpinnings of colloidal particles in LCs, overviewing
the relevant theories of LC elastic energy and topological defects, which will be followed
by three main sections discussing colloidal particles of various symmetry and topology
characteristics; in the last section, we discuss further the context and implication of LC
colloids and potential future directions of development for this field.



Crystals 2024, 14, 885

‘\l\\\\ \\ \\ \ J l//' I,‘ “// | / J |

DI ] I

1/ 20\ N\ |1/
() > =4l (&)
117 e\ I\ \ )
'W// [ \\w\:\f (7 \\ W77/
HI.’ [ | \

/]

/
[ /, IHRRRRYN \[ [
| 11 (!/J'/“/“ VG ‘\\‘H!\l! 'n

Figure 1. Colloids in liquid crystals (LCs). (a) Microscopic structure of a nematic LC with rod-like
mesogens, i.e., pentylcyanobiphenyl (5CB). The micrograph (right image) shows the texture of a
5CB droplet observed under a microscope with crossed polarizers, polarization direction marked
with white double arrows. Inset shows the chemical structure of 5CB molecules and their collective
alignment within a small volume. (b) Topological defects in LCs of different winding numbers; green
rods represent LC molecules. (¢,d) Homeotropic and planar surface anchoring where LC molecules
align perpendicular and parallel to the surface of colloidal inclusions. Orange dots and dashes
represent surface functioning agents such as polymer grafting that impose the anchoring direction.
(e,f) Micrograhs showing microspheres with homeotropic surface anchoring inducing “hedgehog”
point defect and “Saturn ring” line defect; white double arrows indicate the crossed polarizers.
(g) Micrographs showing microsphere with planar surface anchoring inducing “boojum” surface
defects at the polar points of the sphere. (h—j) Corresponding schematics illustrating LC director field
configurations around the colloidal spheres. The black dots and line represent the hedgehog defect,
the Saturn ring loop, and the surface boojums, respectively. Schematics are not drawn to scale. The
far-field director is shown by the double arrow marked with ny. Adapted from Ref. [21].

2. Basics of Physical Behavior of Colloidal Particles in LCs

The LC molecular ordering can be described using the so-called director field n(r)
representing the local average of the molecular alignment, which can vary as a function
of coordinates r on scales much larger than molecular dimensions. In contrast to a vector
field, the constraint n(r) = —n(r) is imposed to comply with the non-polar nature of the
LC molecular orientations [1]. In the undisturbed state, molecules of a nematic LC can
orient along the same direction with the help of proper surface confinement, typically
setting surface boundary conditions corresponding to a uniform distribution of the director
n(r) = ng, which also corresponds to the energy-minimizing state of a uniaxial nematic LC.
Deviating from such a “ground state” uniform alignment via producing spatial gradients
of the director is energetically costly, which can be quantitatively described using the
Frank-Oseen free energy density functional f. [1]:
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where Ki1, K2, K33, and Ky are the so-called elastic constants characterizing the energetic
costs of splay, twist, bend and saddle-splay director deformations. The typical value of
elastic constants is a few pN, for example for cyanopentylbiphenyl (5CB), a very common
LC that is in the nematic phase at room temperature (Figure 1a). In colloidal systems, where
the characteristic length scale of colloidal inclusions can be L ~ 1 um, the ratio between
the elastic and the thermal energy is KL/kgT ~ 10> (K ~ 1-10 pN is a representative elastic
constant of LCs, kg is the Boltzmann constant and T = 300 K is the room temperature).
Therefore, the elastic energy is sufficient to overcome thermal fluctuations and lead to
elasticity-mediated colloidal interactions and self-assembled structures in LCs.

Another form of energetic cost is related to the surface of the colloidal particles.
Boundary conditions imposed by grafted polymer or other functional groups can also
define a preferred direction (often called “easy axis”) for the LC molecules to align to,
which can be normal, tangential, or sometimes conical to the surface [15,16,21]. The two
most common cases are homoetropic (normal) and planar (tangential) surface anchoring
(Figure 1c,d). The free energy density functional characterizing the energy cost of the
director deviation from the easy axes takes the Rapini-Papoular form [1]:

fo= 3 Wine)? @

where e is a unit vector along the easy axis and W is the surface anchoring strength with
a typical value in the range 1076-10"* J/m?; integrating this free energy density over
the area of LC interfaces with particles or confining substrates gives the overall energy
cost of LC-surface interaction. A parameter called “extrapolation length” can be defined
as & = K/W, yielding typical values in the range ~ 1072~1 um. When particle’s size is
much smaller than ¢, it cannot disturb the director field significantly enough and thus
the bulk elastic energy contribution can be ignored; conversely, in the opposite regime
where the boundary conditions defined by the easy axis orientation at the interface can be
assumed infinitely strong, the energy cost of inserting the particle into the LC consists of
only that from elastic deformations and singular defects around the particle. Overall, in the
most general case, the equilibrium distribution of the director field around the colloidal
inclusions are determined by minimizing the total free energy of the system, which includes
integrating over the bulk volume of the system V and the enclosing surface S for the bulk
and surface energies, respectively:

Fout = [ fedV+ [ fods. ®)

When multiple particles are present, however, they can move relative to each other to
minimize the total energy, which effectively determine the elasticity-mediated colloidal in-
teraction patterns in LCs. Under the one-constant approximation where all elastic constants
are equal in value, the director field with small perturbations far away from the colloidal
particles n = (1, ny, 1) follows the Laplace-like equation [22]:

Any =0 (u=1x,y) 4)

obtained by minimizing the Frank-Oseen free energy. Like that in electromagnetic theories,
this equation can be solved using multipole expansion expressed in terms of spherical
harmonics, and the colloidal interactions mediated by the LC elasticity can thus be inter-
preted in the multipole paradigm [22-25]. However, it is worth mentioning that in the
regime when colloidal particles are too close to each other, such that the small-perturbation
approximation may no longer hold true, contributions from higher-order multipoles and
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nonlinear field effects may appear, which goes beyond the multipole expansion analysis.
While the first experimental demonstrations of elastic interactions resembling that between
electrostatic multipoles were made in 1997 when Poulin et al. discovered dipole-dipole-like
interactions between water droplets with homeotropic anchoring in a nematic LC [15],
Brochard and de Gennes in 1970 had considered such electrostatic analogy theoretically [22].
Thus far, elastic multipoles of zeroth till fourth order (monopole to hexadecapole) have
been experimentally demonstrated using various type of LC colloidal systems [15,21,26,27]
(Figure 1d), paving the way for establishing LC colloidal systems with structures and
emergent behaviors mimicking that of atomic systems [28].

In addition to continuous deformations, singularities where the local director cannot
be well-defined may also be induced by colloidal inclusions [3]. These singularities can
exist in the bulk as defect points (also called hedgehogs) and defect lines (disclinations),
as well as on the surface of the colloidal particles, where the surface point singularities
are called boojums. In fact, the name “nematic” originated from the Greek word meaning
thread, refers to the thread-like disclination lines observed in a nematic LC (Figure 1a). The
defects can be classified by computing the winding number in 2D for surface boojums and
cross section of disclinations, or topological charge in 3D for hedgehogs and compact closed
loops of disclinations [29,30]. The winding number s counts the number of times as the
director rotates by 27 following a loop circumnavigating the defect core once (Figure 1b);
the sign indicates whether the rotation direction of the director is the same or opposite
to that of the circumnavigation. Similarly, the topological hedgehog charge m counts the
number of times the unit sphere is wrapped by the director on a surface enclosing the
defect core [30]:

1
m= E/s (n-01m x 0pn) dxydxy. (5)

Several examples of singular defects with winding number of +1/2 and +1 are
illustrated in Figure 1b. In addition to representing the director distribution of surface
boojums, they also serve as the cross-sectional schematic of disclination lines, with the
defect core extending out of the viewing plane.

The topology of colloidal particles imposes constraints on the generation of singular
defects. Following the Gauss-Bonnet theorem and assuming uniform far-field director
n(lrl >>L) = ny, one finds that the total topological charge induced by a colloidal particle
compensates that due to its boundary conditions and is equal to half of particle surface’s
Euler characteristic [31]

Yo mi=tx/2. (6)

The Euler characteristic x is a topological invariant that can be computed, for example,
based on the number of vertices, edges, and faces of the surface, denoted by V, E, and
F, respectively

x=V—E+F. 7)

For surface boojums in cases of tangential degenerate surface boundary conditions, the
mathematical theorems impose the requirement on the total winding number of surface

defects [32]:
Z,‘ 5i =X 8

However, it is important to note that the topological constraints alone cannot determine
the exact distribution of topological defects. The constraint limits the net topological
charge or winding number, while it is the minimization of the total free energy that
determines the director field deformation and defect distribution that satisfy this topological
constraint. For example, the elastic energy per unit length of a disclination line scales
with the winding number as o s2 [3], indicating that disclinations of higher strength
involve significant field distortions and, thus, are energetically unfavorable, tending to
split into lower-winding-number ones. For colloidal spheres with a homoetropic surface
anchoring, either a hedgehog defect or a disclination loop named “Saturn ring” can be
found accompanying the particle (Figure 1e,fh,i). While both configurations satisfy the
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constraint in Equation (6) since spherical surfaces have an Euler characteristic of 2, the
Saturn ring is the energetically preferred one when the sphere is small, i.e., <1 um [29]. In
contrast, the constraint in Equation (8) is fulfilled by two +1 surface boojums at both poles
for a colloidal sphere with planar surface anchoring (Figure 1g,j). More discussions on the
interplay between topological defects and colloidal particles of non-trivial topology are in
Section 4.

In addition to the literature referenced above, interested readers can refer to other
in-depth reviews and textbooks [3-5].

3. Chiral Colloids

Chirality manifests itself in many different scales, ranging from subatomic elementary
particles to molecular enantiomers with opposite optical activity and to biological and even
cosmological objects [33]. Chiral colloidal particles suspended in a LC may transfer the
broken symmetry manifestations into the surrounding medium, for example, in the form
of low-symmetry director field distributions both in the close vicinity of the particle and
in the far field, leading to topological defect distributions and novel colloidal interactions
mediated by the LC elasticity. This is in direct contrast to colloidal spheres in nematic
LCs inducing director distortions resembling symmetric distributions corresponding to
dipoles, quadruples, or higher-order multipoles [5,16]. Martinez et al. used 2PP-based 3D
microprinting to fabricate custom-designed chiral microparticles bound to substrates in LC
cells (Figure 2a,b) [34]. Nonlinear optical imaging reveals that these surface-attached parti-
cles impose a twist on the LC director field that propagates across the cell and generates
low-symmetry director distortions. A colloidal sphere inducing elastic dipole moments is
found to be attracted to the surface-bound particles following monopole-dipole interaction
scaling (Figure 2c). By engaging surface structures with chiral features, this finding pro-
vides a new way to control LC molecular alignment and the ensuing elastic interactions,
demonstrating possibilities of directing the self-assembly of colloidal particles through
engineered surfaces.

The fundamental role of particle chirality on colloidal behaviors is further revealed
with free-standing colloidal structures with chiral symmetry. Yuan et al. fabricated col-
loidal springs and helices of both handedness and re-suspended them in a nematic LC
(Figure 2d-i) [35]. Despite their complex shape, these chiral structures are topologically
equivalent to spheres, with an Euler characteristic x = 2. Given their planar surface an-
choring, the winding numbers of the surface boojums should sum up to two following
Equation (8). For the colloidal springs, two stable (corresponding to the lowest energy
states) and metastable (local energy minima) orientations are observed experimentally,
with their helical axes tilting slightly away from being perfectly orthogonal and parallel to
ny, respectively (Figure 2d,e). In the stable state, the topological constraint is satisfied by
two s = 1 boojums located at the edges of the spring’s two end faces, while the metastable
state has additional pairs of self-compensating boojums at positions where the surface nor-
mals are parallel to ng. Additionally, dipole-like pair interactions arise due to the director
field deformations with chiral symmetry induced by the microsprings: the interaction is
dependent on the angle that the center-to-center separation vector makes with ng and the
interaction potential scales as d=3, as expected for dipole-dipole interactions (Figure 2h,i).
The interesting observation is that the equivalent dipole direction depends on the relative
handedness: same-handed microsprings interact as if they possess the same direction of
dipolar moments, while the interaction direction flips when one of the springs changes its
handedness (Figure 2f,g). These experimental observations are further supported by the
numerical modeling based on the minimization of the Landau-de Gennes free energy. The
shape anisotropy of such colloidal particles also brings in anisotropic diffusive behavior
coupled with the LC director field [36]. Overall, both reports demonstrate how chirality
can be used as an important parameter to control and engineer the colloidal interactions in
LCs. The findings bridge the microscopic chirality of individual particles with mesoscale
self-assemblies of colloidal structures, which may enable novel optical, photonic, and other
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functional materials. While chirality transfer from guest molecules to the host LC medium
is widely known and technologically utilized, e.g., in cholesteric LC displays and electro—
optic devices, the fact that colloidal inclusions with dimensions three orders of magnitude
larger than the host LC’s molecules can also transfer chiral symmetry breaking into the
otherwise achiral nematic host is a fundamentally important finding with a significant
technological potential from the standpoint of view of the self-assembly of mesostructured
functional materials.
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Figure 2. Chiral colloids in LCs. (a) Micrograph of a chiral microstructure obtained by 3D micro-
printing. (b) Director field distortions around such a particle with planar surface anchoring bound to
the confining substrate. The lines in the middle layer and the cylinders show that twist deformation
is induced in the director field over the particle despite uniform far-field alignment. (c) Interaction
forces vs. distance between the surface-bound chiral structure and a free-floating colloidal sphere.
The inset is a micrograph of the interacting objects and the interaction trajectory is color-coded with
time. (d,e) Director distributions around right-handed microsprings with a planar surface anchoring
at energy-minimized positions. The double arrows indicate the far-field director ng; the color on the
particles represents the orientation of the surface director projected to the plane orthogonal to ny;
color scheme is shown as the inset of (d). (f,g) Snapshots of elasticity-mediated interactions between
like- (f) and opposite- (g) handed microsprings, exhibiting attraction and repulsion, respectively, over
the time of 10-100 s. Scale bars are 5 um. (h,i) Numerically calculated Landau-de Gennes free energy
vs. particle distances between like- (h) and opposite- (i) handed microsprings. When particles are
far away from each other, the free energy scales as d~2 like that of dipole-dipole interactions. The
distance between particles d is normalized by the particle radius R; the free energy F| 4G is normalized
by the thermal energy kgT, where kg is the Boltzmann constant and T is the room temperature.
Adapted from Refs. [34,35].

4. Topological Colloids

Although not explicitly emphasized, colloidal particles of non-trivial topology;, i.e.,
non-homeomorphic to spheres (square particles with a hole at the center) were introduced
into a LC as early as 2009 (Figure 3a,b) [37]. These square particles induced quadrupolar
deformations in the director field, though the central hole did not play an important role
in determining the colloidal interactions in this particular system, which was the focus of
that study [37]. The importance of particle topology, however, lies in its ability to control
the distribution of induced topological defects by defining the net topological invariant of
the defects as described in Section 2. While the cases are simple for topologically trivial
spherical particles, the most common ones in colloidal sciences, Senyuk et al. and Liu
et al. fabricated colloidal particles of nontrivial topology, handlebodies of various genus
(i.e., number of holes) (Figure 3c,d), and demonstrated that the total charge or winding
number of topological defects induced by particles is consistent with topological surface
characteristics of the colloidal inclusions, following the relations given by the Gausss—
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Bonnet and Poincare-Hopf index theorems [31,32]. For the surface of a particle, its Euler
characteristic is related to the genus ¢ by x = 2 — 2¢g, where genus g can be intuitively
understood as the number of holes of the surface. Thus, the topological constraint in
Equations (6) and (8) becomes [31]

Y mi==+(1-g), )

and [32]
Y si=2-2g (10)

The relations were experimentally confirmed while ¢ was varied from 1 to 5, cor-
responding to handlebodies with 1 to 5 holes. For a ¢ = 1 handlebody particle with
homeotropic surface anchoring, the most commonly observed orientation is the particle
plane being perpendicular to nj to minimize the free energy cost. Curiously, although no
defects are topologically required to form as Equation (9) is 0 when g = 1, the constraint is
satisfied by a pair of self-compensating disclination loop or an exterior disclination loop
and a hedgehog defect at the particle center, totaling net zero on the sum of the topological
charge (Figure 3c,d) [31]. The same type of handlebody particle with g = 1 and planar
surface anchoring induces two pairs of opposite-sign boojums so that the net winding
number is 0 [32]. More interestingly, the topological constraints are still obeyed even when
external stimuli cause significant redistribution of the director field. This emergent behavior
shows how topological defects can nontrivially emerge while both satisfying pure math
theorems and yielding energetic minima of the LC—colloidal soft matter system. Scenarios
demonstrated in the above reports [31,32] include explorations of inter-transformations be-
tween point defects and disclination loops at the central regions of the handlebodies” holes
when locally melting the LC, or when particles are reoriented following the application of
external field. In other words, the total charge is a conserved quantity that is dictated only
by the topological characteristic of the defect-inducing particles, i.e., the Euler characteristic
of the 2D LC—colloidal interface.

It is an important result vividly demonstrating how topological theorems result in
constraints on induced defects that are still “soft” in the sense of allowing the system to
choose defect configurations of a certain net topological charge that are also energetically
favorable. This energy-dependent selection of topology-satisfying configurations distantly
resembles other types of director field transformations driven by energy minimization,
such as the radial director configuration in a cylindrical homoetropic confinement escaping
into the third dimension [38]. Moreover, variations in morphological features of colloidal
particles can significantly diversify the type of defects and director deformations induced
and modulated by the surface topology even within the same constraint. Below, we discuss
two examples both involving ¢ = 1 particles, where we find that the ensuing defects and
director distributions are drastically different because of differences in the details of the
particle geometry. Senyuk et al. discovered quarter-strength defect lines pinned to the sharp
edges of torus-like particles with a large cross section of the tube measuring 5 x 5 um?
(compared to 1 x 1 um? of the handlebodies in Refs. [31,32]) (Figure 3e) [39]. While the
total topological charge is still consistent with Equation (9), the quarter-strength defect
lines are observed to migrate between edges of the particles by transforming into half-
integer disclinations across the surface of the particle, causing the particle to tilt in its
energy-minimizing orientation (Figure 3e—g). The disclinations can also be stretched and
repositioned using optical tweezers while conserving the total topological charge. A more
extreme case of changing geometric features while preserving topology involves fractal
particles with many defect-inducing corners and edges once introduced to a LC. Hashemi
et al. fabricated Koch star-based fractal particles from the Oth to the 3rd fractal iteration
order [40]. As particles of genus ¢ = 1 with homeotropic surface anchoring, the total
topological charge induced should be 0 even though fractal shapes at high iteration orders
exhibit complex geometric details (Figure 3h). It is observed that this constraint is fulfilled
by pairs of oppositely charged defect points and disclinations found at the corners of the
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fractal particles, with the number of defects growing exponentially following the increased
fractal order. However, when the fractal feature size is comparable to the nematic correlation
length characterizing the mesoscopic size of the nematic ordering, director regions of
reduced order parameters start to overlap, effectively causing local nematic-to-isotropic
phase transitions in the vicinity of the fractal corners. Self-similarities of the nematic
response such as defect distributions following the fractal stimulus are observed across
different fractal iteration orders, despite being limited by the nematic correlation length.
This work demonstrates that colloidal particles with fractal morphological complexity,
while following the constraints imposed by the topological theorems, exhibit emergent
behavior stemming from their fractal nature and may be instrumental in probing and
understanding nematic order interactions with confining surfaces at limiting length scales.

Figure 3. Topological colloids in LCs. (a,b) A square platelet with a central opening suspended in
a LC. The image in (a) is taken with fluorescence confocal polarizing microscopy (FCPM); Prcpm
indicates the polarization direction of the excitation light. The schematic in (b) shows the director
distribution around the platelet. (c,d) Colloidal handlebodies of various genera in LCs. Panels
in (c) are micrographs obtained by overlapping fluorescence images with orthogonal excitation
polarizations as indicated by the green and magenta arrows; insects below are cross-sectional images
in the xz plane taken along the yellow dashed lines. The schematics in (d) represent the director
(black lines) distortions and topological defects (red and purple lines; purple dots) induced by the
handlebodies; the total topological charge is determined by the particle genus m. =1 — g. (e-g) A
large torus-shaped colloidal particle with homeotropic surface anchoring suspended in a nematic
LC, inducing % and edge-pinned % defect lines. The % defect lines (blue lines in the schematic (f,g))
traverses along the edge of the particle and may jump between edges connected by % defect lines
(red lines in (f,g)). The black arrows in the micrograph in (e) indicate the location of bulk % defect
lines; tilting of the particle is indicated by the dashed line (rotation axis) and red curved arrow (tilt
direction). Insets in (e) are obtained under crossed polarizers; polarization marked by white arrows.
(h) Fractal colloidal particles with homeotropic surface anchoring in LCs. The first column is taken
at elevated temperatures when the surrounding LC is in isotropic phase; the middle two columns
are taken under crossed polarizers (white double arrows) and crossed polarizers with a retardation
waveplate (yellow line). The last column is a computer-simulated director field distribution around
such particles. Adapted from Refs. [31,37,39,40].
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In addition to the static distributions of topological defects and director deformations,
dynamic processes involving topological colloids in LCs provide the possibility of exploring
the out-of-equilibrium interplay between particle topology and the topological feature of
the director field. One cannot change the topology of a particle’s surface without breaking
it. However, the effective topology can be changed, for example, by smoothly opening
and closing holes in a 2D surface. Exploiting the anisotropic shape deformation of LC
elastomers upon phase transitions, Yuan et al. fabricated ring-shaped colloidal particles
and discovered that when heated, the aspect ratio of the rings changes and eventually, the
closed holes at the center of the particles open up after the temperature is above the nematic—
isotropic phase transition point (Figure 4a) [41]. Moreover, 2D crystal-like lattices of such
LC elastomeric rings suspended in the unpolymerized nematic host show anisotropic
collective actuations upon phase transitions. The experiments conducted so far, with the
director fields of elastomeric particles and unpolymerized LC matching at the interfaces, do
not explore the induction and transformation of defects as the net topological charge of the
director inside and outside the rings stays neutral. However, how such a change in particle
topology may lead to the evolution of topological features of the director field for cases of
particles made of non-LC material and with well-defined boundary conditions at interfaces
has been considered computationally. Numerical simulations of such systems by Ravnik
et al. have provided insights: for a toroidal particle with two disclination loops, shrinking
of the central hole results in the inner disclination looping closing into a point defect and
eventually disappears as the hole is fully closed (Figure 4c) [36]. We may expect that future
developments in the area of shape-morphing colloids may allow for the direct observation
of the interaction and dynamic interplay between the topological characteristics of all
components.

o

Extinction (a.u.)

0.00

s00 600 700 800 900
Wavelength (nm)

Figure 4. Stimuli-responsive topological colloids. (a) Ring-shaped microparticles made with liquid
crystal elastomers change shape upon temperature elevation over the nematic—isotropic phase
transition point. The schematic in (a) shows the opening and closing of the central hole, effectively
changing the topology of the particle. (b) Alignment and polarization-dependent extinction of
plasmonic triangular nanoframes dispersed in a nematic LC. The schematic in (a) shows the director
distortions caused by the triangular frame. The normal v of the plane containing the nanoframe has
the freedom to rotate in a cone shape with the far-field director nj as the symmetry axis; P represents
the polarization of the incident light. (c) Contraction of a ring-shaped particle with homeotropic
anchoring and the induced disclination loops (indicated by red lines) in a nematic LC host. The
far-field director is perpendicular to the viewing plane. Adapted from Refs. [41-43].

16



Crystals 2024, 14, 885

Another interesting possibility recently considered experimentally is the mesoscale
material behavior under conditions when the plasmonic nanoparticles dispersed in a
nematic host have nontrivial topology. The complex geometry of triangular nanoframes
made of gold and silver enables the generation of plasmonic effects as well as the cone-like
orientation distribution of the particles’ normal relative to the director when suspended in a
nematic LC [43]. Differently from micron-scale dielectric particles with similar topology [44],
polarization direction-dependent extinction spectra are observed upon incident light in
the visible and infrared range (Figure 4b), consistent with the symmetry prescribed by
the nanoframes’ orientation distribution in the LC. Furthermore, this guest-host system
enables the electric switching of the plasmonic extinction of the hybrid LC-nanocolloid
material reminiscent of that of pure LCs in terms of timescales and threshold voltages but
now allowing for tuning the surface plasmon resonance effects. This work complements
existing works on plasmonic LC colloids with trivial topology at the time of publishing
and may now be extended to other plasmonic particles of broken symmetry or nontrivial
topology [45].

5. Knotted and Linked Colloids

Different from our everyday experience, a knot commonly studied in topology cannot
be undone because the ends are connected to form a closed loop. The simplest form of a
mathematical knot is a ring, a.k.a., an unknot, the behavior of which as a physical object
with a tubing-like surrounding immersed in LCs is described in the previous section as
genus g = 1 particles. More complex structures, i.e., non-trivial knots, in a LC director field
induce knotted, linked, and other topologically non-trivial field configurations, allowing
for experimental insights into predictions from knot theory and into the interplay of
topologies of knotted surfaces, field deformation, and defects. Martinez et al. fabricated
colloidal trefoil and pentafoil knots of tangential and homeotropic surface anchoring and
demonstrated that a rich variety of director field and defect configurations may arise from
the minimization of the total elastic energy of the system while still following the same
topological constraints imposed by theorems from pure math (Figure 5a—e) [46]. For all
cases studied of torus knots in the paper, the Euler characteristic is x = 0, the same as
for rings or g = 1 handlebodies, which constrains the total topological charge or winding
number to be zero. In a nematic LC, trefoil particle knots with either type of surface
anchoring tend to orient with their corresponding torus plane orthogonal to ng in their
ground state (Figure 5a,b) where the total elastic energy is the lowest but are also found in
metastable orientations such as those with the torus plane parallel to ny. Boojums induced
by a trefoil knot with planar anchoring are usually located at the particle’s surface where the
surface normal is parallel to ng (Figure 5a,c). A total number of 12 boojums can be found in
such cases for trefoil-knot-shaped particles, with half of them having the winding number
of +1 and the other half —1, adding to the net total charge of zero to satisfy the topological
constraint. Similarly, a pentafoil knot with planar anchoring in the stable orientation state
will induce 20 such self-compensating defects (Figure 5d), or in other words, four times
the number of turns the knot string winding around the circular axis of the corresponding
torus. For trefoil knots with homeotropic surface anchoring, however, the particles usually
induce closed disclination loops (Figure 5e). As an example, for the case of the particle’s
torus plane perpendicular to ng, one observes two defect loops that are both trefoil knots
tracing along the tube of the knotted trefoil-shaped particle and linked with each other and
with the particle knot, forming a three-component link of knots (inset of Figure 5e). Knotted
disclination loops can also be induced by multiple topologically simple spherical particles
in twisted LCs where complex configurations of closed disclination loops are promoted by
chiral symmetry breaking [47,48].
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Figure 5. Knotted (a—e) and linked (f-1) colloids in LCs. (a,b) Optical micrographs of a trefoil knot
with planar (a) and homeotropic (b) surface anchoring suspended in LCs. Crossed white double
arrows indicate the direction of the polarizer and the analyzer and the yellow double arrow indicates
the direction of the slow axis of a 530 nm retardation plate. (c,d) Numerically simulated director field
distributions on the surface of trefoil (c) and pentafoil (d) knots with planar surface anchoring. The
color represents the orientation of the surface director projected to the plane orthogonal to ny; the
color scheme is shown as the inset of (c). The far-field director ng is perpendicular to the sample plane
as marked by the dot in a circle. (e) Schematic of defect lines (represented by green and magenta lines)
induced by and entwined with a trefoil knot of homeotropic anchoring obtained from numerical
simulation. (f) Polarizing, fluorescence, and simulated micrographs of linked colloidal rings with
tangential surface anchoring suspended in LCs. The green and red double arrows represent the
excitation polarization for fluorescence imaging. (g) Elastic interaction energy vs. deviation from
the equilibrium center-to-center separation Ad (black symbols) and orientation Ax (green symbols)
as defined in the inset. (h) Numerically simulated director field distributions on the surface of
a Hopf link at the position in (f). The color represents the director orientation as defined in the
inset. (i, k) Polarizing micrographs of Hopf (i) and Salomon (k) links with homeotropic surface
anchoring suspended in LCs. (j,1) corresponding simulated director field distributions and defect
field (represented by the red lines) induced by the links. The red arrow in (j) points at the location
where the disclination line jumps from one colloidal loop to the other. The double arrows marked ng
represent the far-field director. Adapted from Refs. [46,49].

Colloidal particles consisting of separate but linked components provide another
way of generating complex topological defects, such as multi-component links. When
suspended in LCs, these multi-component linked yet disconnected colloidal surfaces result
in elastic coupling of the linked component through director deformations and topological
defects that they share in their tubular surroundings. Martinez et al. fabricated Hopf and
Salomon links with the linking numbers Lk = £1 and +2, respectively (Figure 5f-1) [49].
The linking number is a topological invariant representing the number of times that each
individual constituting loop winds around the other. The topological constraint requires a
net zero of the total winding number or hedgehog charge given that the Euler characteristic
is x = 0 for all colloidal links studied. For Hopf links with planar surface anchoring, the
most commonly observed director configuration contains eight boojums on the particle
surface, with the two constituting colloidal unknot laying close to each other and their
planes crossing (Figure 5f,h). The minimization of elastic energies associated with the
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director distortion and topological defects holds the linked components in their equilibrium
positions despite thermal fluctuations. The elastic coupling between the constituting loops
can be characterized by tracking their positional and angular diffusion (Figure 5g) and
is found to be Hookean-like with the interaction force in the pN range. For Hopf links
with homeotropic surface anchoring, the elastic coupling manifests itself in configurations
where the induced singular defect lines jump from one component to the other, serving as
an elastic string holding the two components together (Figure 5i,j). In the more complex
cases of Salomon links, twice as many surface boojums tend to be induced compared with
their Hopf counterparts, while pairs of individual disclination loops can be seen following
each of the linked components with homeotropic surface anchoring (Figure 5k,1). However,
many metastable particle orientations and director field configurations can be observed
for linked particles of any given linking number and surface anchoring. A non-exhaustive
survey presented in Ref. [49] shows that colloidal linked rings and accompanying singular
defect loops can form many topologically distinct multi-component systems even with the
same number of unknots and linking numbers.

The colloidal systems of links and knots in LCs described above exemplify the emer-
gent behaviors and complexities of topological particles and director distortions even
though topological constraints for particles of Euler characteristic x = 0 do not require
the presence of topological defects. Importantly, the disclination loops and knots would
not be even topologically stable in a polar system, so the fact that such a large variety of
multi-component links and knots of defects can be found demonstrates the complexity of
the interplay between topologies of surfaces and nonpolar molecular alignment fields.

6. Conclusions and Future Perspectives

A central topic in colloidal science is to investigate the emergent behavior of consti-
tuting colloidal particles as they interact and self-assemble. They are ideal candidates for
modeling the interaction and dynamics of atomic matter, such as self-assembly, crystalliza-
tion, phase transition, etc., and even envisioning artificial forms of matter and metamaterials
that go well beyond the complexity of natural systems [50-53]. Compared to the isotropic
colloidal spheres and solvents commonly used in colloidal crystals, LC colloids provide
new forms of long-range and anisotropic interactions mediated by the LC elasticity through
director field deformation [5]. The examples described in this review have shown that
varying the morphological characteristics of constituting particles such as symmetry and
topology leads to a diversity of director configurations and colloidal behaviors. These
colloidal “big atoms” with features of chiral symmetry, nontrivial topology, as well as
knotted and linked components may readily contribute to the development of colloidal
superstructures and exceed the diversity of atomic lattices. In addition, solitonic structures
in cholesteric LCs involving topological defects and knotted and linked director configura-
tions can also serve as building blocks of colloidal matter [6]. Although this review focused
on nematic colloidal systems, other types of LC phases with additional partial positional
degrees of ordering and chiral superstructures, such as cholesteric, columnar, and smectic
LCs, may provide further symmetry-breaking director distributions and solvent-mediated
interactions for LC colloids. These more complex LC field configurations add to the tool-
box accessible for exploring fundamental mathematical and physical questions as well as
developing novel functional materials with emergent properties and practical utility.

Historically, Lord Kelvin considered a model of atoms where different chemical el-
ements in the periodic table would correspond to different knotted vortices [6]. Even
though this model turned out to be incorrect, curiously, within the “colloidal atom”
paradigm involving nematic colloids and vortices shaped as knots, researchers can now
create modern-day analogs of Kelvin’s topologically protected particles, thus opening
doors to self-assembly of mesostructured materials with topology- and chirality-based
design principles.

Future directions to be pursued as essential for the field of LC colloids may include
the (i) large-scale self-assembly of low-symmetry and complex-topology colloidal particles;
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(ii) design and demonstration of out-of-equilibrium processes including stimuli-responsive
dynamic rotational and translational behavior and the ensuing collective and emergent
dynamic patterns [44,54]; (iii) design of colloidal composite materials of novel viscoelastic,
electromagnetic, photonic, etc., properties; and (iv) use of ensuing novel composite materi-
als to control transmission and directional scattering of light, as needed for applications
in smart windows, displays, and electro-optic devices should be explored [55]. Like how
knotted disclination lines guide the formation of crystal-lattice-like structures of colloidal
spheres in chiral LCs [4,6], colloidal knots or other chiral and topological particles as well
as LC solitonic structures may assemble into organization patterns not accessible to their
atomic counterparts. Such novel assemblies may open possibilities to chiral, topological,
and knotted colloidal metamatter with pre-designed physical properties.

The topology- and geometry-guided colloidal self-assembly approach combines soft
and hard materials at the mesoscale in order to develop solids and fluids that exhibit
emergent physical behavior not encountered in conventional material systems, with the
inverse design and pre-engineering capabilities. Future research will need to focus on un-
derstanding and the control of material behavior arising from highly controlled mesoscale
interpenetration of ordered solid and liquid crystalline building blocks, with the composites
exhibiting solid, liquid, or mesophase behaviors controlled by weak stimuli. The design
and realization of desired physical properties in these composites can be based on the
following strategies: (1) templating the mesoscale organization of quantum and plasmonic
nanoparticles by mesoporous structures enabled by lyotropic liquid crystals to harness
quantum mechanical and plasmon-exciton interactions; (2) coupling between topological
structures of continuous and singular field configurations in the solid and soft matter
mesoscale subsystems; (3) discovery of low-symmetry fluids in hybrid molecular-colloidal
systems enriched by exploiting particle’s geometric shapes, surface charging and chirality;
and (4) emergent effects in magnetic, colloidal, and topological solitonic spin ice systems
arising in soft-hard matter systems. Electrical realignment of the LC component of the
composites may in the future allow for the rearrangement and reorientation of anisotropic
nanoparticles, leading to unprecedented control over self-assembled nanostructures and
to dramatic changes in the material emergent behavior and properties. The LC colloidal
research transcends traditional disciplinary boundaries of physics, topology, chemistry,
engineering, and materials science and will advance our knowledge of mechanisms of
the nanoscale self-organization phenomena of importance to achieving many scientific
and technological goals of renewable energy research. Since our abilities to harvest, store,
efficiently use, and convert energy among different forms are highly dependent on avail-
able materials and their properties, this research may lead to cheaper and more efficient
renewable energy technologies, a new breed of energy-efficient information displays and
electro—optic consumer devices, as well as a fertile ground for new basic science, with
transformative impacts.
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Abstract: Liquid crystal elastomers have shown an attractive potential for various biological applica-
tions due to their unique combination of mechanical flexibility and responsiveness to external stimuli.
In this review, we will focus on a few examples of LCEs used with specific applications for biologi-
cal/biomedical/environmental systems. So far, areas of innovation have been concentrating on the
integration of LCEs to enhance stability under physiological conditions, ensure precise integration
with biological systems, and address challenges related to optical properties and spatial control of
deformation. However, several challenges and limitations must still be addressed to fully realize their
potential in biomedical and environmental fields, and future research should focus on continuing to
improve biocompatibility, response to the environment and chemical cues, mechanical properties,
ensuring long-term stability, and establishing cost-effective production processes. So far, 3D/4D
printing appears as a great promise to develop materials of high complexity, almost any shape, and
high production output. However, researchers need to find ways to reduce synthesis costs to ensure
that LCEs are developed using cost-effective production methods at a scale necessary for their specific
applications’ needs.

Keywords: liquid crystals; liquid crystal elastomers; 3D printing; anisotropy; advanced manufacturing;
additive manufacturing; orientational order

1. Introduction
1.1. Overview of Liquid Crystal Elastomers

At the time Otto Lehmann and Friedrich Reinitizer [1,2] encountered a double melting
phenomenon in 1888 that will be described as a fourth state of matter (or liquid crystals,
LCs), they did not realize the impact that their discovery would have on future technological
applications. However, Lehmann visualized a technological application when, in 1909 [3],
he suggested that some LCs can potentially act as artificial muscular driving motors.
Subsequently, de Gennes in 1997 [4,5] supported this notion and a myriad of liquid crystal
elastomer (LCE) applications have since been acknowledged. Most of these applications
were related to properties combining orientational anisotropy of LCs with known elasticity
of elastomers, and LCEs came to be known as materials capable of reversible actuation [6].
While the first discovery of LCs was related to the study of cholesteryl benzoate and
related biological compounds, the main LC applications were heavily focused on liquid
crystal displays (LCDs). LCDs were centered on the optical properties of LCs in the
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presence/absence of an electric field. Since the last two decades, most of the new LCE
applications have been back to their “roots” and target towards biological /biomedical
applications, tissue engineering (TE), advanced manufacturing (AM), and soft robotics [7-9].
In this review, we aim to summarize most of the latest LCE’s biological applications.

1.2. LCE Significance in Biological Applications

LCs exist abundantly in living systems, and many of them are found as lyotropic
liquid-crystalline (LLC) phases and are a base for studying biomimetic chemistry. LLCs are
predominantly found in cell membranes, mainly made of phospholipids [10]. Silk is another
example of LCs; the organization of the proteins that form silk presents a liquid crystal
phase [11,12]. DNA can also form liquid crystal phases [13]. During two-dimensional
(2D) cell culture experiments, LC behavior has been observed where cells form topological
defects. These topological defects have shown certain biological effects that can induce cell
extrusion and potentially cell death [14]. Tissue Engineering (TE) combines the knowledge
of both biology and engineering with the determination of finding ideal alternatives to
restore or regenerate ailing or impaired tissue [15], and most of those alternatives focus
on three-dimensional (3D) systems looking for better outcomes than those found in 2D
systems [16,17]. Most of these 3D systems need to overcome most commonly found
limitations, such as being non-toxic, providing effective support for cells and forming
tissue, promoting extracellular matrix, sustaining 3D cell growth, and having appropriate
mechanical properties similar to those tissues of interest [18-22].

LCEs combine the orientational anisotropy of LCs with the intrinsic elasticity of elas-
tomers and have been recognized as ideal materials capable of reversible actuation [23,24].
Biological /biomedical applications of LCEs as part of TE have become an important part
of current academic research as responsive and anisotropic 3D cell scaffolds. Within the
last decade, AM, or 3D printing, with its layer-by-layer fabrication process, has allowed
the creation of complex 3D structures with high reproducibility in endogenous environ-
ments. For 3D printing, the use of synthetic-based bio-inks has been used, showing good
cellular responses, biocompatibility, and capability of ECM formation [25,26]. Figure 1
shows an example where LCE scaffolds are suitable for most types of somatic and immortal
cells. LCEs have been shown to be ideal substrates for cell proliferation, differentiation,
and maturation, as well as serving as an ideal host for primary cell development and for
in vitro studies of myelination. Figure 1 shows a study conducted in a 3D environment
that promoted ECM formation and maturation processes of co-cultured neuroblastomas
(SH-SY5Y) and human oligodendrocyte cells (MO3.13). Indicating that LCE scaffolds can
impact cellular function, differentiation, and other cell processes, enabling the mimicry of
an endogenous environment for long-term studies.

At the beginning, many LCEs included polycaprolactone (PCL) and polyethylene
glycol (PEG)-based inks. LCE-inks have been reported, for example, as nematic-based
thermally responsive LCE ink [27], as direct-write printed into 3D structures, or as high
operating temperature direct ink writing (HOT-DIW) [28]. It is important to note that
processing can increase the likelihood of external stimulation of LCE shape actuation [29].
Much has changed since the first LCE reports, where now LCE actuators are no longer only
thin film devices; they can now be complex 3D structures. LCE 3D printing formulations
are constantly improving, allowing the development of thermal- or photo-crosslinked LCEs
and increasing a wide range of printing possibilities [30-34].

We are aware that each year we are faced with a fast-growing aging population that
inevitably brings age-related diseases [15]. On top of that, accidents occur involving the
loss of mobility, organ, and limb function. To combat this, the medical community relies
extensively on prosthetic and rehabilitation devices to bring back mobility to injured people.
Looking ahead, there has been a shift in focus onto soft robotics and medical robotics, for
the purpose of finding better, individualized, more human-like alternatives, integrating
novel sensors, actuators, and materials into prosthetics to help increase life expectancy
and improve the quality of life of affected individuals. The main objective is to substi-
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tute old technology that involved passive and at times skin-irritable materials [35,36] for
flexible electronics and soft devices [37-39] that respond dynamically to external stim-
uli, including temperature, chemical cues, electricity, and light, promoting multifaceted
applications [40]. Soft materials used in robots require different levels of biocompatibil-
ity, biomimicry, sensing, actuation, and computation/informatics [41]. Most importantly,
there is a need for mechano-sensation electronics that can provide sensations of cold /hot,
touch, pain, and comfort [42]. LCEs have been recently seen as soft responsive materials
that can revolutionize the realm of soft robotics, leading to a new era of versatility and
adaptability [43].

LA] block

Figure 1. Example of liquid crystalline elastomers (LCEs). Scheme shows the synthetic pathway of a
LCE star block-copolymer with cholesterol liquid crystal as pendant units and (a) confocal image of
primary mouse brain cells grown on LCE scaffold and (b) enlarged image of selected area in yellow
(cell nuclei stained in blue, scale is 60 um). Reprinted from | Appl Polym Sci [25]. Copyright (2023)
with permission from Wiley (Hoboken, NJ, USA).

2. Fundamentals of Liquid Crystal Elastomers

LCEs are unique materials that combine the properties of liquid crystals with elas-
tomers, resulting in materials with distinct physical and chemical characteristics. LCEs
consist of LC mesogens (rod-like molecules) that are incorporated into a crosslinked poly-
mer network (see Figure 2) [44]. Mesogens can be attached to the polymer backbone
(main-chain LCEs) or connected via flexible spacers (side-chain LCEs). LCEs can be ei-
ther monodomain, where the mesogens are uniformly aligned throughout the material,
or polydomain, where the alignment varies spatially. Monodomain LCEs exhibit more
shape-changing abilities.
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Figure 2. Types of liquid crystalline elastomers (LCEs). (a) The rod-like mesogens are con-

nected via reactive functional groups in the main chain, end-on side chains, or side-on side chains.
(b) Polydomain LCEs have local domains of nematic order, and monodomain LCEs have a common
director throughout the network. (c) In a monodomain LCE, the chain configuration can be prolate

or oblate, with a spherical configuration in the isotropic state. Reprinted from Nat. Rev. Mat [45].
Copyright (2021) with permission from Springer Nature (Berlin/Heidelberg, Germany).

2.1. Chemical and Physical Properties

LCs are composed of anisotropic molecules called mesogens, which can be rod-like
(calamitic), disc-like (discotic), or lath-like (sanidic) in shape. These mesogens exhibit phase
transitions based on temperature (thermotropic LCs) or concentration (lyotropic LCs), with
the most common phases being nematic, smectic, and cholesteric. Mesogens can have
various functional groups such as thiols, acrylates, or epoxides, which are crucial for their
polymerization and cross-linking into LCEs. The stability of these phases is influenced by
the chemical structure of the mesogens and the polymer backbone. For instance, side-chain
LCEs [23,46] can show stable nematic or smectic phases over a wide temperature range
(see Figure 2). The elastomeric properties of LCEs arise from crosslinking the polymer
chains, either through covalent bonds or physical interactions. Crosslinking density can
significantly impact the mechanical properties and thermal behavior of the LCEs [47]. The
chemical structure and functionalization of mesogens affect their alignment within LCEs,
which can be controlled using techniques such as mechanical stretching, surface alignment,

field-assisted alignment, and shear alignment [45,48].

LCEs exhibit anisotropic mechanical properties due to the alignment of liquid crystal
molecules within the elastomer matrix, allowing them to respond directionally to external
stimuli like light. For instance, certain LCEs are designed to respond to light stimuli,
particularly those containing azobenzene groups. Azobenzene can undergo a reversible
transformation between its trans and cis isomers when exposed to UV light, resulting in a

change in the molecular alignment [45,49].

They display rubber-like elasticity and can undergo significant deformation, with the
presence of polymer networks and liquid crystalline molecules imparting them with soft
and super-soft elasticity, making them suitable for applications like artificial muscles and
actuators. The thermo-elastic properties of LCEs enable them to change shape in response to
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temperature changes, particularly notable in side-chain liquid crystal elastomers (SC-LCEs),
where different mesophases exhibit stability over a wide temperature range. Additionally,
LCEs can remember and return to their original shape after deformation when exposed
to certain stimuli, such as temperature changes or light, leveraging this shape-memory
behavior in applications requiring precise and reversible actuation [45,49]. LCEs can
be designed to respond to various chemical stimuli, which makes them useful in the
development of sensors and responsive materials. This responsiveness is often achieved by
incorporating photoresponsive or thermoresponsive groups within the polymer matrix [48].

2.2. Synthetic Strategies

There are different synthesis and alignment methods that lead to the production of
LCEs with diverse molecular structures and properties. Several of these are displayed in
Figure 3. The various approaches are described below and include the following;:
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Figure 3. Synthetic strategies for crosslinking LC polymers and their corresponding alignment
methods. Reprinted from Nat. Rev. Mat [45]. Copyright (2021) with permission from Springer Nature.

Mechanical alignment: This technique includes a two-phase reaction. Initially, the
liquid crystal elastomer (LCE) mixtures undergo partial polymerization. They are then
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mechanically stretched to align the polymer chains. While maintaining this stretched
alignment, the polymerization process is completed, locking in the oriented structure [49].

The field-assisted alignment can be divided into two primary categories: (1) Electric field
alignment uses electric fields to orient LC molecules by taking advantage of the molecules’
uneven response to electric fields in different directions. (2) Magnetic field alignment
utilizes magnetic fields to position liquid crystal molecules. It relies on the molecules’
varying magnetic properties along different axes. Both techniques exploit the anisotropic
nature of LC molecules to achieve alignment [50].

The 3D printing alignment technique uses the fluid dynamics inherent in 3D printing
to orient LC molecules. As the material is pushed through a printer nozzle, it experiences
forces that stretch and shear the material. The mechanical stress suffered during extrusion
naturally causes the LC molecules to line up (or orient) in a preferred direction [51].

Chain extension reactions include three subcategories: (1) Aza-Michael Addition, which
combines LC monomers containing two acrylate groups with primary amines. (2) Thiol-
Michael addition involves reacting extra diacrylate LC monomers with thiols. (3) Thiol-Ene
reactions involve a gradual polymer growth process, linking monomers with two thiol
groups to LC monomers featuring diallyl ether functionalities. These reactions all serve
to lengthen molecular chains, but each uses different chemical pathways and functional
groups to achieve this goal [49,52].

Hydrosilylation is a two-step process where LC monomers and crosslinkers react with a
linear polysiloxane in the presence of a platinum catalyst, followed by mechanical alignment
and final polymerization [49].

The dynamic covalent chemistry method incorporates dynamic covalent bonds that
can break and reform under stimuli. This technique allows alignment under load and
subsequent retention of alignment after stimuli removal [53].

White et al. reported an extensive list of work related to LCEs, including finding ways
to simplify the synthesis process and control the mechanical properties of the materials
through thiol-acrylate and thiol-ene reactions [54-56].

3. LCEs in Biomedical Engineering
3.1. Drug Delivery Systems

The application of topical medications and remedies has been a method used through-
out human history. Over the past several decades, transdermal drug delivery has been a
growing field, often via adhesive patches applied to intact skin. An increasing number
of medications are now available in a transdermal patch form, as this route can address
issues related to other routes of drug administration, such as pain from injections, inconsis-
tent serum medication levels, increased side effects, decreased bioavailability, and patient
noncompliance [57].

One issue that presents with this approach to medication administration is the lack of
ability to control the drug delivery in an “on/off” manner. While some patches can deliver
drugs slowly over a period of time, none can adjust the delivery rate or stop the drug release
altogether while the patch is still in place on the skin. To address this concern, Nozawa
et al. immobilized a liquid crystal (LC) monooxyethylene trimethylolpropane (MTTS)
between sheets of a hydrophobic, porous Celgard membrane. Their goal was to utilize the
thermos-responsive properties of the thermotropic LC to control drug permeation through
the membrane. Permeability of antipyretic and analgesic medications acetaminophen and
ethenzamide and non-steroidal anti-inflammatory drugs indomethacin and ketoprofen was
studied, both in vitro in diffusion cells and on excised rat skin and in vivo on the abdomens
of rabbits. Testing was performed for temperatures of 32-38 °C, and for all medications
tested, drug permeation through the membrane was reported to have been dependent on
the temperature. For all drugs except ketoprofen, the reported “on/off” temperature was at
the phase transition temperature of the liquid crystal, 38 °C; for ketoprofen, the permeation
increased proportionally with the temperature, which they report is likely related to the
ethanol in the solution. The results of this work indicate that incorporating LC in a drug

28



Crystals 2024, 14, 859

delivery system may be a way to control the drug release due to the transition between an
ordered and isotropic system, where the pathways for the drug molecules to pass through
the membrane are limited in the liquid crystalline state [58].

Along similar lines, Chen and colleagues embedded a liquid crystal cholesteryl oleyl
carbonate (COC) into a nylon membrane to be tested for the penetration of the bronchodila-
tor medication salbutamol sulfate. They found that the drug penetration correlated with the
amount of LC in the membrane as well as with temperature change, as it was tested over the
range of 10-25 °C. According to their results, the COC made the surface of the membrane
hydrophobic, whereas salbutamol sulfate is hydrophilic, so it was not able to permeate
through the hydrophobic membrane. However, at certain higher concentrations, drug
penetration increased again, which they report could be due to aggregation of the COC on
the surface, creating open channels through which the drug could travel. Therefore, drug
penetration through their LC-embedded polymeric membrane was both rate-controlled
and thermally responsive, further evidence that LC materials can be utilized to modulate
the permeation of medications through a membrane. However, it is important to note that
the phase transition temperature of the LC used in this study was not suitable for body
temperature applications, and this would need to be addressed before it could be used for
drug delivery [59].

This approach was further demonstrated by Inoue et al. with the development of
thermoresponsive membranes containing a side-chain liquid crystal polymer (LCP) cast
onto a polyvinylidene difluoride (PVDF) support membrane. It was found that the nematic-
isotropic transition temperatures (Tny) of the LCPs varied with the amount of mesogenic
pendants added to the polymer chain, so that membranes could be designed to have Ty at
body temperature, addressing the issue of membrane performance at biologically relevant
temperatures. In this work, permeation of the drugs indomethacin and vitamin By, through
the LCP/PVDF membranes was tested and found to be inhibited in the nematic phase but
substantially increased in the isotropic phase (Figure 4) [60].
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Figure 4. Mechanism for drug permeation through a thermoresponsive membrane composed of liquid
crystal polymer (LCP) and polyvinylidene difluoride (PVDF). At temperatures below the nematic-
isotropic (NI) transition temperature, the molecular arrangement of the nematic state prevents the
drug from passing through the membrane. In the isotropic state above the transition temperature,
the drug molecules may pass through. Reprinted from ] Membrane Science [58]. Copyright (2019) with
permission from Elsevier (Amsterdam, The Netherlands).

The aforementioned studies have utilized thermotropic LC materials within other
polymers to act as physical barriers to the permeation of drug molecules rather than to
encapsulate and release the drug itself. In contrast, Stepulane and collaborators developed
a method of loading and delivering medications in a lyotropic liquid crystal elastomer
(LLCE). LLCEs were composed of polydimethylsiloxane (PDMS), triblock copolymer di-
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acrylated Pluronic F127 (DA-F127), and water in various ratios, resulting in four different
LCE samples with different mechanical properties. The samples were polymerized into
thin sheets for characterization and experimental procedures. Two drugs were tested to
determine the ability of the LCEs to load and deliver a polar medication, Vancomycin, and
a nonpolar medication, Ibuprofen. Both the drug loading and subsequent elution were
performed in solution using small pieces of each LCE that were punched out from the
polymerized sheets. Elution was monitored and measured via UV spectrometry at specific
time intervals until no more drug release was noted (Figure 5). It is reported that two of
the four LLCEs delivered a high amount of Vancomycin over a period of 6-7 days, likely
related to their higher PDMS content that contributes to a strong network of crosslinks in
the elastomer. The results were similar to the release of Ibuprofen, but it was noted that the
release of Ibuprofen had a steadier release rate, as it is found inside the micelles due to its
hydrophobicity. In this work, the researchers were able to show that an LLCE system can
be utilized for the delivery of both hydrophobic and hydrophilic drugs, although the ideal
composition of the LCE for each drug may need to be determined [61].
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Figure 5. Drug release from lyotropic LCEs of (A) vancomycin in Milli-Q water and (B) ibupro-
fen in 1wt% SDS buffer. Samples composed of polydimethylsiloxane (PDMS), triblock copoly-
mer diacrylated Pluronic F127 (DA-F127), and water in the following ratios: B (40-15-45wt%),
D (40-25-35wt%), and H (20-60-20 wt%). Reprinted from Colloid Surface B [59]. Copyright (2023)
with permission from Elsevier.

Thermotropic LC materials have been shown to make drug delivery systems more
tunable by the ability to control permeation, and lyotropic LCEs offer an attractive method
of encapsulating and releasing drugs over a sustained period. Investigation into this
application of LCEs has been limited; however, the results of these previous works should
encourage more researchers to pursue this area further and develop practical methods of
using LCEs for real drug delivery systems.

3.2. Soft Robotics

Soft robotics often refers to Shape Memory Polymers (SMP) that are flexible, sensitive,
and possess good mechanical properties. Ideally, the material should be able to respond to
external stimuli such as bending, stretching, twisting, and compression. The search for a
material that reacts and works as an organic muscle fiber is an ongoing field with many
branches working for the same goal. Since 1969, with the prediction of Pierre deGennes and
the subsequent synthesis of the first perfect monodomain nematic elastomer by Kiipper and
Heino Finkelmann in 1991 [62], LCEs have been sought to be a great solution for muscle-like
material. They showed three important characteristics: orientational order in amorphous
soft materials, responsive molecular shape, and quenched topological constraints.
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One of the biggest downsides for the utilization of LCEs in the soft robotic field is the
low mechanical properties. For a natural muscle, the work capacity can reach 40 ] kg~
with a maximum strain over 40% [63]. A synthetic LCE shows potentially closer values
but at times is not enough. Many efforts have been made in the field to increase the strain
and work capacity exerted by the materials. One of the strategies is to dope the LCE with
conducting materials. Rigid dopants like Carbon Nanotubes (CNTs) are embedded as
sheets, forming a multilayer structure in combination with the LCE [64] and were reported
to increase the strain and work capacity in response to an applied voltage. Another example
is liquid dopants, which are getting attention since liquid dopants do not interfere with the
mobility or flexibility of the LCE. The liquid dopant is mixed in the solution of the LCE as
dispersed droplets of eutectic gallium indium alloy (EGaln), which facilitates the synthesis
process [65].

Applications of these kinds of materials have not often been considered in the field of
biology. Only lately, the TE field has been looking at the implementation of soft robots made
of LCEs as scaffolding for cell culture. A clear example of this surge of applications for the
LCE soft robots are all the “bio-inspired” actuators. Among these examples, we can mention
the “Janus” soft robot composed of two layers that can undergo opposite deformations
simultaneously, emulating the grip of a hand or, depending on the complexity of the 3D
shape, even mimic the movement of a starfish [66]. The very popular azo-dies do not
escape from the TE field; many efforts have been directed to improve the photo-mechanical
effect deriving from the change in morphology during the trans-cis isomerization of these
molecules in efforts to have a viable artificial muscle-like material [67]. But the area of
interest is much larger than just artificial muscles. In the last few years, we have seen light-
driven soft robots that mimic caterpillars [68], with more complex modes of movement like
rolling [69] with the ability of stirring and even swimming [70].

There are reports of thermotropic LCEs in combination with thermotropic dyes that not
only change shape but also color [71] (Figure 6). These are called “chameleon-" or “octopus-
like” biomimetic materials, developed with the goal of achieving some camouflage behavior
in the soft robot. Finally, some LCE soft robots are created to heal or replace damaged tissue
in the human body. Recent studies report a soft robot made of a LC membrane capable
of secreting both polar and nonpolar liquids, similar to the human skin [72]. Generated
digital models and 3D printed scaffolds of blood vessels give us a different perspective
on how the tunability of physical characteristics in LCEs can mimic the human body and
maybe be implanted and grafted for wound healing and tissue regeneration [34].

A

1950

H

1 Red color reappears.

Length (mm)

&

1650

Temperature (°C)

Swimming
A—

Camouflage

Figure 6. (A) Shape and color-changing thermochromic liquid crystal elastomer. Scale bar: 3 mm,
(B) Octopus-like material mimicking the swimming/camouflage of the octopus in nature. Adapted
with permission from Li et al. [69]. Permission conveyed through Copyright Clearance Center, Inc.
(Danvers, MA, USA).
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So far, advances in soft robotics research have focused on designing materials that
are reactive, flexible, and robust. Research in the area of flexible electronics and tactile
sensing has progressed greatly; this has been thankfully due to efforts in bringing together
advances in many areas of materials research. Multidisciplinarity has been the key to
advancing the research without sacrificing individual advances from the different fields.
Future success will depend on the combination of flexible and stretchable mechanical
properties of materials combined with sensors and possibly the ability to self-healing. The
path is to continue to improve materials design and properties for better bio-inspired soft
robotics, biomedical applications, and prosthetics.

3.3. Tissue Engineering
3.3.1. Cell Culture Platforms

Cells in vivo experience a variety of environmental conditions, including extra-cellular
matrix (ECM) stiffness and elasticity, tensile forces, fluid viscosity and shear stress, and
hydrostatic pressures. These features are a source of mechanical signals to the cells, which
are then translated into biochemical signals by cellular mechanotransduction [73]. Much
of this process occurs through focal adhesions, which are large complexes of proteins that
connect the cytoskeleton inside the cell with the ECM outside the cell. These proteins
undergo unfolding to expose binding sites, post-translational changes, or shuttling to the
nucleus that trigger the activation of molecular pathways or mechanosensitive genes [74].
Studies have shown that cell behavior can be directed by altering the characteristics of the
environment [75-77], such as patterning [78].

Babakhanova et al. developed a method to control the arrangement of microparticles
by employing an LCE coating that undergoes a trans-to-cis isomerization when irradiated
with UV light. To achieve this, LC cells were designed with unique patterns in mesogen
arrangements such that, upon isomerization, the spatial topography inside the cell would
transform, creating areas of lower potential energy at the desired locations. When spherical
particles of resin were placed onto the LCE coating, the microparticles would be directed by
gravity to these predesigned valleys. One main advantage of this method is the reversibility
of the process: the LCE coating reverted completely back to its flat topography upon cis
to trans isomerization under visible light. Although this method had not been used in
biological applications, the authors noted that this type of device could prove useful in
areas such as the control of cell behavior and targeted drug delivery [79]. Later on, they
pursued an approach by making grooved substrates for cell cultures using smectic A LCE
coating over polyimide molecules of planar alignment. This geometry caused areas of
LC defects on the substrate, generating periodic grooves on the surface. For cell cultures,
human dermal fibroblasts (hDFs) were used. Four substrates were tested: flat topology
with and without fibronectin (FN), and grooved topology with and without FN.

Cells were seeded and cultured for seven days or until confluent, after which analysis
revealed that the cells seeded on flat substrates were multinucleated, elongated, and had
poor alignment (Figure 7). Whereas the grooved substrates with FN culture had a scalar
order parameter of 0.66, and the grooved one with FN had the highest amount of cellular
alignment with an order parameter of 0.81. The morphology of the cells on the grooved
substrate without FN was highly elongated with an aspect ratio of 6.4, but those with FN
were found with many actin filaments and filopodia and an aspect ratio of 3.2. From these
results, the authors concluded that depositing the FN was not necessary to have the cells
adhere, align, or migrate during the culture. However, it is clear that the nanogrooved
topology greatly affected the cell proliferation and alignment [80].
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Figure 7. Fluorescent microscopy images of hDF grown on substrate (a) flat glass with fibronectin;
(b) flat glass without fibronectin; (c) glass with nanogrooved SmA LCE coating and fibronectin;
(d) glass with nanogrooved SmA LCE. Actin filaments stained with Alexa Fluor 488 phalloidin
are presented in purple, while the cyan regions indicate the nuclei stained with DAPI. The arrows
represent the direction of the nanogrooves. Scale bars 50 um. Reprinted from | Biomed Mater Res
A [78] Copyright (2020) with permission from Wiley.

Turiv and collaborators further studied the ability to control hDF behavior using an
LCE substrate. In this case, plasmonic photoalignment was used to orient the molecules of
the LCE precursor into the desired pattern, after which the photopolymerization reaction
was used to secure this pattern. The specialized surface topography of the LCE formed
when in contact with water, causing swelling of the LCE. In experiments, the authors
showed that HDF cells grown on the LCE substrate aligned with the director, resulting in
high scalar order parameters. Furthermore, the surface and number densities as well as
phenotypes of the cells were affected. Positive topological charge defects were associated
with an increased cell density and round shape, while negatively charged defects were
found to have lower densities of cells and elongated shapes. Considering these results, the
use of a photoaligned LCE may be a promising method of controlling cell proliferation,
migration, and differentiation, as well as the possibility of developing environmentally
responsive substrates that provide dynamic topographies for the cells [81].

3.3.2. Effects of Mechanical Properties of LCEs on Cell Behavior

LCEs’ mechanical characteristics are extremely customizable, giving control over
their stiffness, elasticity, and reaction to outside stimuli. Because of their ability to be
customized, LCEs are especially appealing for use in dynamic cell culture conditions, where
the mechanical characteristics of the cells are important factors influencing their behavior.

Agrawal et al. investigated the potential of monodomain LCEs for dynamic cell culture
by making use of their reversible shape changes with heating cycles. Good adhesion and
survivability were demonstrated by neonatal rat ventricular myocytes (NRVM) grown
on LCE substrates. Because the LCEs could undergo cyclic uniaxial contraction and
elongation, the cells were able to operate in a dynamic mechanical environment. Cell
alignment, elongation, and differentiation are encouraged by this cyclic strain, which is
like the physiological mechanical environment that cardiomyocytes encounter in vivo. It is
important to note that the LCE surface was prepared for cell culture using methods like
collagen coating, gold sputtering, and oxygen plasma cleaning. These alterations allowed
the LCEs to function as dynamic substrates for cell culture while simultaneously enhancing
cell adherence and preserving their mechanical characteristics [82].

33



Crystals 2024, 14, 859

In another study, Herrera-Posada et al. investigated magneto-responsive LCE nanocom-
posites enhanced with iron oxide nanoparticles. These LCEs could be remote-actuated due
to their anisotropic, directed nematic structures reacting to magnetic fields. The nematic-
to-isotropic phase transition temperature was decreased using nanoparticles, enabling
actuation nearer physiological conditions. Higher nanoparticle concentrations enhanced
the Young’s modulus while decreasing the maximum thermomechanical deformations,
according to tensile testing. Reversible deformations under alternating magnetic fields
were shown in magneto mechanical tests; the degree of deformation depended on the
concentration of particles. Under a 48 kA /m field, the maximum contraction for LCEs with
0.5 and 0.7 wt% particle loadings was approximately 24%, indicating their potential for use
in dynamic substrate applications. Furthermore, by functionalizing the surfaces of these
LCEs with collagen to facilitate NIH-3T3 fibroblast adhesion and proliferation, the study
investigated the biocompatibility of these LCEs. Staining with fluorescence and confocal
imaging verified strong cell adhesion and network development on the LCE substrates.
According to their results, magneto-responsive LCEs with controlled deformation provide
a viable means of establishing dynamic cell culture environments that replicate mechani-
cal stimuli found in vivo, hence promoting tissue engineering and regenerative medicine
applications [83].

Prévot et al. investigated the mechanical properties and cellular behavior of smectic
liquid crystal elastomers (LCEs), which are intended to be responsive scaffolds for tissue
engineering. These LCE scaffolds offer mechanical properties that resemble different tissues,
regulated degradability, and biocompatibility. Various LCE forms, such as films, foams, and
microspheres, were investigated in this work to maximize pore size and shape for tissue
growth and cell infiltration. Testing for mechanical properties demonstrated that these
LCEs have a Young’s modulus (YM) that ranges from 2 to 4 MPa, depending on the cross-
linking density and structural arrangement. This means that these LCEs are appropriate
for use in specific tissues, such as neurons. Studies on cell behavior concentrated on the
adhesion, growth, and orientation of different cell types, such as primary dermal fibroblasts
(hDF), SH-SY5Y neuroblastomas, and C2C12 myoblasts. High cell density and anisotropic
growth were observed using fluorescence confocal microscopy on LCE scaffolds, with a
four-fold increase in cell proliferation when compared with standard porous films. The
study showed that the liquid crystal moieties” mobility and alignment within the LCEs
greatly affect cell behavior, promoting aligned cell proliferation and improving tissue
engineering results [84].

LCEs” work by Shaha et al. in both polydomain and monodomain configurations
showed that the mesogen alignment and loading direction had a substantial impact on
mechanical properties including stiffness, elasticity, and damping capacity. In contrast to
polydomain LCEs, which showed more isotropic qualities, mechanical property testing
revealed that monodomain LCEs showed increased stiffness and elasticity along the aligned
mesogen direction. Monodomain LCEs have a strong anisotropic behavior, which is useful
for applications that need directional mechanical features. This makes them particularly
effective at simulating the complex mechanical environment found in the intervertebral
disc. The in vivo investigations comprised subcutaneous implantation of both solid and
porous LCEs in rats to evaluate tissue response and integration. The rats were monitored
over the 12 weeks, and the results showed that LCEs are biocompatible, facilitating tissue
encapsulation and ingrowth without causing detrimental effects on the surrounding tissues.
Additionally, in vitro tests indicated that LCEs exhibit minimal swelling and maintain their
mechanical integrity under simulated physiological conditions [85].

Overall, better cell alignment, proliferation, and differentiation can be achieved by
LCE:s by tailoring their mechanical properties and surface functions to resemble physiologi-
cal settings. These characteristics demonstrate how LCEs can further tissue engineering
and regenerative medicine.
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3.4. Organ-on-a-Chip Applications

The traditional petri dish 2D system is by now over 100 years old [86]. The fast growth
and easy experimental setup provided by these 2D systems is undeniable. Nonetheless,
there is nothing that looks or behaves like a 2D system in any biological environment,
so the results obtained from these systems may not translate well to the human body
behavior of the same cells. Complexity is needed if one wants to study biological systems.
Three-dimensional scaffolds help with this problem: the cells can grow in every direction,
communicating properly with their neighbor cells, a closer behavior to the human body.
Some drawbacks of this system are the inherent dark environment inside the 3D model, as
it is sometimes difficult to observe what is happening to the cells inside the 3D scaffold,
as well as the aggregates formed in 3D, creating a gradient of nutrient access and waste
buildup [87].

Microfluidic organ-on-chip is a technology designed to overcome these difficulties.
The device is designed to culture cells in a constantly moving environment, enclosed in
a millimetric/micrometric chamber. This technology has the capacity of simulating the
natural environment where the cells grow without the necessity of building the entire living
organ [88]. The complexity of the microfluidic chip can increase as the necessity of the
researcher needs, ranging from devices with a simple inlet and outlet to introduce flow [89]
to as complex as introducing electric field gradients and producing dielectrophoresis effects
inside the chip [90].

The addition of LC molecules into the organ-on-chip system clearly increases its po-
tential uses. It has been shown that biological creatures like bacteria can be channeled and
manipulated to follow specific paths using LC substrates [91], which can be considered a
2D system. Several studies dedicated to exploring the parameters of microfluidic channels
as well as the anchoring condition of the LC molecule have concluded that by appropri-
ately tuning these physical variables inside the chip, one can experimentally control and
manipulate the profiles of flow velocity and director orientation across the channel [92]. It
is still an open question whether biological entities like cells can be manipulated and sorted
in these 3D microfluidic LC channels; nonetheless, the results and the direction of the latest
experiments point out that those systems are close to being implemented.

4. Biosensing Applications

The use of liquid crystal-based biosensors has grown in recent years as a simple, direct,
inexpensive, highly selective, and sensitive detection alternative. While there are only a
few examples of LCEs as biosensors, we believe that it is important to mention early LC
biosensors to encompass how these applications can potentially be the base for future LCE
biosensor techniques. Gupta et al. described the construction of a cell composed of a gold
thin film and a self-assembled monolayer in which target proteins, by binding to the surface
of the monolayer, altered the roughness of the gold and consequently the orientation of the
4-cyano-4-pentylbiphenyl (5CB), allowing the amplification and transduction of signals
in optical outputs [93]. Later, the group described the development of a system in which
“liquid crystals are used to amplify interfacial phenomena at fluid interfaces into optical images” [94],
inspired by earlier biomolecular investigations. 5CB is a widely used nematic liquid crystal
whose orientational changes can easily be detected by polarized optical microscopy (POM).
The apparatus consisted of treated glass surfaces as supports, copper grids to stabilize the
nematic films (5CB), and an aqueous solution containing sodium dodecyl sulfate (SDS). The
presence of SDS allows a reversible change from planar orientation (5CB-water interface)
to homeotropic in the liquid crystalline bulk (Figure 8), which can be visualized under a
polarized optical microscope (POM) [94]. This technique has opened the door to several
other research projects that have revolutionized the field of biosensor technology.
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Figure 8. Representation of the 5CB-water interface: (A) in the absence of surfactant, 5CB has a planar
orientation; (B) with the addition of surfactant, 5CB assumes a homeotropic configuration. Reprinted
with permission from Brake and Abbott [92]. Copyright (2002) American Chemical Society.

With the aim of developing a simple and label-free tool for the diagnosis of pathogens
such as bacteria and fungi, Khan et al. proposed the construction of a TEM grid cell
composed of a nematic liquid crystal blend (E7), a cationic surfactant (DTAB), and a
single-stranded DNA probe (ssDNA). E7 is a eutectic LC mixture made of four cyano-
substituted polyphenyls prepared at a determined composition. E7 shows a single nematic
to isotropic (NI) transition at around Tyy = 61 °C [95,96]. This mixture presents a wide
range of operating temperatures and has been widely used in the preparation of polymer
dispersed liquid crystal (PDLC) for applications in several types of display devices. The
device proposed by Kahn, then, in the presence of the target DNA, induces a change in
the orientation of the E7 molecules from homeotropic to planar (Figure 9), characterized
by the transition from black to bright colors due to the birefringence of the planar phase
observed under POM. This device allows the detection of Rhazictonia solani and Erwinia
carotovora at concentrations >0.05 nM due to the signal amplification provided by the liquid
crystal molecules, as well as allowing the differentiation of even 2-3 bp mismatches with
the formation of different domains, guaranteeing high selectivity [97].

DTAB

T AR

Figure 9. Illustration of the proposed LC cell for the detection of single-stranded DNA from Rhazicto-
nia solani and Erwinia carotovora: (a) OTS-coated glass supporting TEM grid containing E7 molecules;
(b) addition of surfactant (DTAB); (c) addition of single-stranded DNA probe causes orientation
change to planar orientation; (d) addition and hybridization of DNA target causes homeotropic
orientation. Reprinted from Sci Rep [95]. Copyright © (2016) with permission from Springer Nature.
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In the race for diagnostic methods in the COVID-19 pandemic, liquid crystal-based
biosensors emerged as a possible alternative. Researchers from The Ohio State University
and Purdue University proposed using technology previously described in the literature to
detect SARS-CoV-2 RNA from concentrations on the femtomolar (fM) scale; they developed
a kit and smartphone app (Figure 10) that uses machine learning to classify image patterns
and can provide a diagnosis quickly, easily, and affordably [98]. Figure 9 shows the LC
device developed for the detection of SARS-CoV-2 RNA; in positive cases, the single-
stranded RNA target hybridizes with the probe and promotes a change in orientation of E7
from planar to homeotropic in the aqueous interface, resulting in the disappearance of the
birefringence and the formation of a dark pattern as observed on POM. The additional inset
figures show the components of the device and the smartphone application developed for
COVID diagnosis.
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Figure 10. Liquid crystal cell developed for the detection of SARS-CoV-2 RNA; in positive cases, the
single-stranded RNA target hybridizes with the probe and promotes a change in orientation, resulting
in the formation of a dark pattern. Components of the device and smartphone application developed
for COVID diagnosis. Reprinted from Cell Rep Phys Sci [96]. Copyright (2020) with permission
from Elsevier.

The application of LC biosensors goes beyond what we can envision; they can be-
come a new strategy for better detecting longtime known diseases. Insulin, for example,
is one of the hormones that control the level of glucose in the blood [99] and is directly
related to obesity, diabetes [100], and other illnesses. Liu et al. developed a sensor ca-
pable of measuring insulin between 0.1 and 10 nM within 5 min in diluted serum and
urine samples. The apparatus consisted of a substrate containing a copper grid, immobi-
lized dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammonium chloride (DMOAP), and
5CB (Figure 11A), which has a homeotropic orientation in the presence of cetyltrimethy-
lammonium bromide (CTAB) (Figure 11B). The G-quadruplex aptamer (IGA3) interacts
electrostatically with the surfactant CTAB (Figure 11C), and upon binding to the insulin
in the sample, IGA3 undergoes a conformational change to stretch, which consequently
induces a planar orientation in the liquid crystal (Figure 11D) [101]. Figure 10 shows that
when 5CB is in the homeotropic orientation (B—-C), a dark image is formed, while in the
presence of insulin, there is a change in orientation and the image obtained is bright.
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IGA3

Figure 11. Optical patterns observed in POM: (A) Cell containing a glass substrate, copper grid,
immobilized DMOAP, and 5CB in PBS medium; (B) homeotropic orientation in the presence of CTAB;
(C) IGAS interacts electrostatically with CTAB; (D) in the presence of insulin, IGA3 is stretched and
induces a planar orientation in 5CB. Reprinted from | Colloid Interf Sci [99]. Copyright (2022) with
permission from Elsevier.

Parkinson’s disease is one of the most common disorders affecting the elderly in North
America and other parts of the world [102]. Previous studies by Zheng et al. identified DNA
aptamers (F5R1 and F5R2) that efficiently bind to one of the potential Parkinson’s disease
biomarkers, the alpha-synuclein protein [103]. Based on these studies, Yang et al. proposed
the use of the F5R1 structure to obtain a simple and inexpensive method for early diagnosis.
The device consists of a gold-coated glass and a self-assembled monolayer (C10SH + C16SH)
with the aptamer immobilized on the underside of the substrate. The cell is filled with
5CB and has a homeotropic orientation in the absence of a biomarker, which is disrupted
by the folding of the DNA when it binds to the target protein, resulting in a change from
dark to bright under the POM due to the planar alignment of the LC (Figure 12A). Tests
showed a detection range of 50-400 nM and a low level of non-specific interactions with
the controls used, despite lower sensitivity than ELISA tests [104]. Subsequently, they
proposed another alternative to overcome some of the limitations found in the previously
described method, such as the cost and preparation of the substrate, detection time, and
sensitivity. This time, they used the gold grid on a DMOAP-coated substrate and CTAB
at the LC-aqueous interface, with the same F5R1 aptamer used in the previous studies,
resulting in a detection limit for alpha-synuclein of 10 pM (Figure 12B) [105].
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Figure 12. (A) Proposed model with a detection range of 50-400 nM of alpha-synuclein. Adapted
with permission of [100] Copyright (2020) permission conveyed through Copyright Clearance Center,
Inc., (B) Optimizations performed on the biosensor resulted in a detection limit for alpha-synuclein
of 10 pM. Adapted with permission from Yang et al. [103], permission conveyed through Copyright
Clearance Center, Inc.
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Alzheimer’s disease (AD) is another prevalent disease affecting the elderly. It was
estimated that 6.7 million Americans over the age of 65 would be affected by AD in 2023,
a number that is expected to nearly double by the year 2060 [106,107]. Thus, there is a
desperate need for new tools for early diagnosis that are fast, cost-effective, and sensitive.
In the search for new sensors, Kemiklioglu et al. developed a device that uses amyloid-beta-
42 (Ab42) immunocomplex formation events as a strategy for detecting and diagnosing
AD. The device consists of a glass coated with DMOAP filled with LCs (5CB) in which
antibodies against Ab42 have been immobilized (Figure 13A-D). As a result, the addition
of the Ab42 peptide was able to promote a change in the orientation of the LCs due to the
formation of the antibody-antigen binding (Figure 13E); even at antigen concentrations
as low as 1 pg/mL, Apolipoprotein E4 (ApoE4) was also added to evaluate the possible
effects of its binding to the antigen in the presence of 5CB (Figure 13F); unfortunately, the
effects observed were less pronounced than those of the antibody-antigen complex [108].
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Figure 13. (A) Cleaned glass is used as a substrate; (B) DMOAP is used to coat the substrate;
(C) the cell is filled with 5CB; (D) immobilization of antibody; (E) antibody-antigen binding process;
(F) ApoE4 addition and complex formation. Reprinted from | Biosci Bioeng [106]. Copyright (2021)
with permission from Elsevier.

Another example is acetylcholine (ACh), known as a neurotransmitter that is main-
tained at regulated levels for the transmission of nerve signals in a healthy organism. The
enzyme acetylcholinesterase (AChE) is responsible for converting ACh to choline and acetic
acid; however, due to certain factors, such as the pesticides malathion and fenobucarb,
this activity is inhibited and can lead to continuous stimulation, which can cause fatal
effects [109]. Inspired by the work of Wang et al. on the development of liquid crystal
platforms for the evaluation of AChE [110,111] and enzymatic activity studies in microcap-
illaries [112,113], Nguyen et al. used OTS-coated microcapillaries containing 5CB droplets
that form a monolayer in the presence of surfactant myristoylcholine chloride (Myr) and
a four-petal pattern (Figure 14A—C). Once the enzyme AChE is present in the medium, it
promotes the conversion of Myr to myristic acid and choline, preventing the formation of
the monolayer and resulting in a bright double line pattern (Figure 14D). In the presence of
malathion and fenobucarb, the enzymatic action is inhibited, and the double line pattern is
not observed [114].

LCs can also be used as sensors to detect environmental pollutants that directly
affect human health. It is known that mercury ions are highly toxic to living organisms
and are unfortunately widely found as contaminants in water sources. One strategy for
monitoring the contamination levels of this heavy metal uses octadecyltrichlorosilane
(OTS)-coated glass with a TEM grid on top and a mixture of 5CB and potassium N-methyl-
N-dodecyldithiocarbamate (MeDTC). MeDTC is used as a specific chelating agent for Hg?*
ions, which acts at the aqueous interface and promotes a change in the orientation of 5CB
when the complex with mercury ions is formed (Figure 15). The detection limit of the
described technique is 0.5 mM, and other common interferents present in the samples
analyzed did not promote responses [115].
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Figure 14. (A) OTS-coated microcapillaries containing 5CB droplets; (B) sensor in PBS medium;
(C) Myr addition; (D) enzymatic cleavage of Myr to myristic acid and choline. The bottom shows
the images corresponding to each POM event. Reprinted from Colloids Surf B Biointerfaces [112].
Copyright (2021) with permission from Elsevier.
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Figure 15. (a) Change in the 5CB orientation due to complexation MeDTC-Hg?*, (b) Chemistry
of MeDTC-Hg?* complexation. Reprinted from Sensor Actuat B-Chem [113] Copyright (2016) with
permission from Elsevier.

Firefighters and first responders are the most exposed to adverse environmental
situations where toxic gases such as chlorine (Cly) or phosgene (COCl,) are often present.
Protective equipment helps reduce the effects of these exposures, but they are still at risk
when these protective measures are removed before they can predict if all toxic gases
resulting during a fire have been eliminated. In most cases, one of the team members
is responsible for measuring the gases with a portable device, but often this measure
is not effective in reflecting the reality of each team member’s exposure. Based on this
shortcoming, Prévot et al. presented a zero-power sensor capable of measuring acute and
chronic exposure at ppm levels. Nanoparticles containing reactive ligands are used as ink
to print warning signs on a glass substrate. The cell is filled with nematic LCs that have a
homeotropic orientation in the absence of hazardous chemicals. When exposed to gases
such as Clp, the transition to planar anchoring takes place and forms the unmistakable
warning signal that can be observed under crossed polarizers (Figure 16) [116].
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Figure 16. (a) Schematic representation of sensor models (figure and text); (b) representation of the
sensor based on dose x exposure time; (c) Au NP pattern created by ink jet printer; (d) chemical
reaction between Au NP and Cly; (e) change in orientation of N-LC in the presence of Cly. Reprinted
from Adv Mater Technol-Us [114]. Copyright (2020) with permission from John Wiley and Sons.

Liquid crystals can also be combined with polymeric materials to create advanced
sensors. Ailincai et al. prepared droplets (2-5 mm) using a microemulsion technique
with different mass fractions between a cholesteric LC, cholesterol acetate (L-ChAc), and
a polymeric matrix composed of polyvinyl alcohol boric acid (PVAB). The LC in the
matrix exhibits planar anchoring, and changes in orientation were observed by different
optical textures in the presence of sugars (D-glucose, D-galactose), amino acids (D-alanine,
L-arginine), and DNA (salmon sperm), making the material promising in the field of
biosensing [117]. The combination of LC and block copolymers for protein detection is
another example found in the literature [118]. A TEM grid cell consisting of an interface
between water and 5CB modified by the presence of PAA-b-LCP block copolymer (where
PAA refers to poly(acrylic acid) and LCP to poly(4-cyanobiphenyl-4-oxy-undecylacrylate)
was used as a method for the detection of albuminuria in urine samples, described by Khan
et al. [119]. More recently, devices based on cholesteric LCE exhibit different colors when
exposed to different mechanical stimuli, such as stretching or compression [120], under
linear polarization and can be used as strain sensors or even in soft robots [121].

The use of LCEs in biological and medical applications will no doubt continue to
increase as researchers develop more novel elastomers. Use of LC devices as sensors has
been widely shown to be a successful application, and this function could easily translate
into the medical setting in the form of diagnostic tools [122]. The intrinsic characteristics
of LCEs, such as responsiveness to heat, light, and mechanical stress, may be harnessed
in the development of diagnostic tools and imaging techniques. For example, various
health conditions are associated with temperature variations in the body or in body parts,
including cancer [123], blood clots [124], and infections [125].

For example, Li et al. designed LCE microspheres (LCEM) for use as pH sensors (Fig-
ure 17). Horseradish peroxidase (HRP) was immobilized on the microspheres (LCEM-HRP),
which adopted two different configurations—radial and concentric. The configuration
of the LCEM-HRP was dependent on the pH of the medium, and they were tested with
various cells and found to be compatible. In addition, this detection method displayed
single-cell resolution. The ability to determine the pH of individual cells could be appli-
cable in the detection of cancer, since the pH of healthy cells is neutral while cancer cells
exhibit a slightly acidic pH. These promising results indicate that novel LCE materials can
be designed to aid in the diagnosis of medical conditions [126].
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Figure 17. (i) Liquid crystal elastomer microspheres functionalized with horseradish peroxidase
(LCEM-HRP) immobilized on the cell membrane; (ii) the concentric and radial configurations of the
LCEM-HRP, which transform in the presence of HyO,; and (iii) POM (polarized optical microscope)
images of the LCEM-HRP in the two configurations. Reprinted from Angewandte Chemie [124]
Copyright (2020) with permission from Wiley.

Abadia et al. investigated biocatalytic LCE sensors for urea detection. In this case,
urease is immobilized on the film, and the enzymatic response is transduced on a large scale
due to the decrease in liquid crystalline order caused by the formation of ammonia [78].
Another use of LCE is in the detection of organophosphates such as malathion. In this
case, Abadia et al. proposed a film made of N,N-dimethylethylenediamine (DMEN) and
1,4-bis-[4-(6acryloyloxyhexyloxy)benzoyloxy-2-methylbenzene (C6M). The LCE in this
work was used to detect toxic pesticides by immobilizing hydrolytic pig liver esterase
(PLE). In the presence of malathion, the PLE enzyme promotes catalytic hydrolysis to
form malathion monoacid, which in turn changes the pH of the medium and induces a
conformational change from a ribbon-like to a helical shape (see Figure 18). The sensor
provides a quantitative relationship between the helical pitch change and a specific exposure
dose and is not affected by environmental variations and other chemical interferences [127].

Malathion
ﬁ Ox O~ ﬁ Ox_OH
\O/F\s \O;F\S + /\OH
—0 e —
0" o™ H0 07 o™
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Figure 18. Malathion sensing using PLE-containing LCEs, showing the schematic of PLE hydrolysis
of malathion into malathion monoacid. Malathion monoacid lowers the pH of the solution, triggering
aresponse in the LCE. LCE ribbons in the presence of several doses of malathion at room temperature
show the formation of a helix and the impact of the malathion dose on the helical pitch. Reprinted
from Sensors and Actuators B: Chemical [125]. Copyright (2024) with permission from Elsevier.

5. 3D and 4D Printing of LCEs

5.1. 3D Printing

Digital Light Processing (DLP) stereolithography is effectively used for 3D printing
LCEs. This technique employs a photocurable resin cured layer-by-layer to create intri-
cate 3D structures, incorporating LC moieties that promote cell alignment due to their
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anisotropic ordering. A work by Prévét et al. highlighted the successful use of a pho-
tocrosslinkable smectic-A (Sm-A) LCE for 3D printing, demonstrating its ability to promote
cell proliferation and anisotropy. The study involved creating a digital 3D model of a
brain structure, reproduced using a DLP printer. Synchrotron Small-Angle X-ray Diffrac-
tion (SAXD) data showed strong alignment of LCE layers, directing cell growth along
anisotropic axes, essential for replicating organized native tissues and improving in vitro
models [34].

Other 3D printing techniques have also been utilized in the production of LCEs,
including extrusion printing, which leads to director alignment along the print line [27],
as well as the ability to easily incorporate multiple materials into the same 3D printed
object. This capability was shown by Jennifer Lewis, who reported the production of 3D-
printed shape-memory LCEs that were not only actuated by temperature changes but also
underwent network reconfigurations triggered by UV exposure by means of exchangeable
dynamic bonds [128]. By exposing the LCE to UV while actuated, the programmed shape
was “locked in”. Multi-material printing was required to achieve this in 3D bulk scale,
which was enabled by extrusion 3D printing of alternating layers of LCEs with and without
the dynamic bonds.

In another display of multi-material printing, the same group developed a method
of 3D printing “innervated” LCEs (iLCEs)—filaments containing a liquid metal (LM) core
surrounded by a main chain LCE (Figure 19). They reported the design of a core-shell
extrusion nozzle used to produce the iLCEs, which were printed in the nematic phase and
UV-cured. Inclusion of the LM core allowed for actuation of the iLCE via joule heating
and cooling induced by power input through the filament. Upon heating, the filaments
contracted in the printing direction and were shown to lift over 200 times the LCE weight
while doing so. The team also demonstrated the ability to program a desired shape for the
iLCE, which was maintained in a closed-loop feedback system driven by sensation of the
resistance of the iLCE fiber [129].

HOT-DIW
LCE shell

Figure 19. Innervated LM-LCE fibers. (a) Schematic illustration of core-shell 3D printing of iLCE
fibers composed of a liquid metal (LM) core surrounded by a liquid crystal elastomer (LCE) shell,
whose director is aligned along the print path. (b) Schematic illustration of iLCE actuation when
cycled above and below the LCE nematic-to-isotropic transition temperature, TNI. (c) Images of an
iLCE fiber before (left) and after (right) joule heating above TNI (scale bar = 5 mm). Reprinted from
Adv Mater [127] Copyright (2021) with permission from Wiley.

5.2. 4D Printing

Significant progress has been achieved in 4D printing with LCEs pioneered by T. Ware
using direct-write printing to create 3D structures capable of reversible shape changes by
controlling the alignment of LC molecules during the printing process. With the use of this
method, intricate, responsive structures capable of large deformations, alike volumetric
contractions and snap-through transitions, could be fabricated and utilized in soft robotics
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and medical devices [130]. Proceeding from this basis, their work concentrated on modify-
ing these LCEs at the molecular level to improve their actuation properties. By employing
a two-stage thiol-acrylate reaction, they were able to fine-tune the material’s network
architecture, allowing for precise, programmable shape changes in response to thermal
stimuli. This work demonstrated the potential for highly responsive and customizable
actuators in smart material applications [131]. Later on, Ware’s team introduced a novel
approach by combining liquid metal with LCEs, resulting in 4D-printed composites that not
only exhibited shape-changing properties but also enhanced electrical conductivity. This
breakthrough opened new possibilities for multifunctional materials in soft electronics [65].
That same year, they explored the use of photo switchable actuators by incorporating
azobenzene-based liquid crystals, enabling light-controlled, reversible shape changes. This
innovation further demonstrated the versatility of 4D printing for creating adaptive sys-
tems [132]. Consequently, the group pushed the boundaries of 4D printing by adding living
materials into their processes. By embedding bacteria into LCEs, they developed structures
that could interact with their environment, paving the way for responsive, living systems
with potential applications in healthcare and environmental monitoring [130].

McDougall et al. proposed greater efficiency and simplicity by eliminating external
supports through embedded printing, which promotes the extrusion of LCE (75/25 wt%
RM82:RM257) inside an easily removable gelatinous matrix (composed of water and
laponite). Essential mechanical properties are attained with trifunctional acrylate, and the
structure is cured with UV light, allowing reversible 3D shape changes upon heating, which
can be applied to biomedical and wearable devices [131]. The above examples highlight the
profound impact of 4D printing technologies on various fields, showcasing the potential
for creating advanced, multifunctional materials.

6. Challenges and Limitations

While LCEs show potential for various biological applications, one of the key limi-
tations for utilizing LCEs in biological applications is biocompatibility. When these ma-
terials contact biological tissues, they must not cause toxicity or unfavorable immune
responses [132]. To determine their safety, extensive in vitro and in vivo testing is neces-
sary, which can be expensive and time-consuming [133].

Another significant limitation is the degradation and longevity of LCEs within biolog-
ical environments. They must maintain their structural integrity and functional properties
over extended periods for long-term applications, such as implants or biosensors. For their
practical application, they must be resistant to the biochemical conditions of the human
body, which include temperature, pH, and different biochemicals [134].

The contact between the material and biological tissues must be carefully considered
when integrating LCEs with biological systems. It is crucial to minimize inflammatory
reactions and adhere properly. The main challenge is creating an interface that focuses on
biological interactions with the ordering transitions in the LC systems. Accurate manipu-
lation of the mechanical attributes, like elasticity and strength, is also necessary to satisfy
the various demands of various biomedical uses. Partially crosslinked elastomers have
limited applicability in situations where precise mechanical behavior is essential, including
artificial muscles and responsive implants, due to their difficulty in spatially altering the
direction of deformation [135].

The production processes for LCEs are often complex and require specialized equip-
ment, posing practical limitations on their widespread adoption. Producing these materials
at the scale required for clinical usage might be difficult due to the complexity and high cost
of their synthesis and manufacture. Another area that needs further work for sophisticated
optical applications in biological contexts is controlling optical qualities similar to auxetic
behavior and transparency under physiological conditions [132].

Some of these challenges have been addressed by recent developments. Processing
methods include surface alignment, magnetic fields, mechanical straining, and 4D, which
have printing and have made it possible to create LCEs with a variety of mechanical charac-
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teristics and shape-changing behaviors. For instance, surface alignment techniques enable
the creation of LCE films as substrates or coatings for flexible electronics, while 4D printing
makes it possible to fabricate LCE actuators that can mimic the forces generated by human
muscles. Furthermore, rheological research on biocompatible and biodegradable LCE inks
has shed light on how to create and print new materials with desirable characteristics for
specific uses [134].

7. Conclusions and Future Perspectives
7.1. Material Innovations

Recent advancements in the field of LCEs facilitate creative applications in a wide
range of industries. The synthesis and orientation of LCEs have been one of the most key
areas of development [28,42,43,52,63,135]. These developments have made it possible to
produce materials that can fulfill the demanding specifications of applications in robotics,
optics, and other areas [136].

Photothermal-driven LCEs are the result of researchers’ efforts to improve the me-
chanical characteristics and responsiveness of LCEs to outside stimuli, such as heat and
light. These materials have enormous potential for application in soft robotics, a field that
depends heavily on controlled and exact movements. The photothermal effect in LCEs
influences the ability of these materials to convert absorbed light into heat, leading to
localized temperature changes. The LCEs undergo a phase transition because of this tem-
perature difference, which modifies their molecular alignment and results in a reversible
shape change. This effect’s precision is important because it permits precisely controlled
deformation that can be altered by varying the light’s intensity, wavelength, and exposure
time. For example, LCEs exposed to near-infrared (NIR) light can actuate quickly and
significantly, which is important for applications that need a small amount of energy input
and quick response times [136].

Another area of innovation is the integration of LCEs with other smart materials to
create composites that exhibit enhanced functionalities. For example, combining LCEs with
liquid metals made from 75% gallium and 25% indium results in soft, flexible composites
that incorporate the beneficial aspects of both materials. Because of their exceptional me-
chanical strength and excellent conductivity, these composite materials are well suited for
use in flexible electronics and wearable technology [137]. Furthermore, by adding magnetic
nanoparticles to LCE matrices, magnetic composite films have been created, opening new
possibilities, including remote actuation and enhanced magnetic field responsiveness [138].

Researchers introduced carbon fiber reinforcement to LCEs to improve their me-
chanical properties. Because of this integration, LCEs’ tensile strength and endurance
are significantly increased, making them appropriate for demanding applications in the
aerospace and automotive industries. Due to their increased structural support and high
strength-to-weight ratio, carbon fibers enhance the mechanical performance of LCE com-
posites overall. For components that experience directional stress, such as airplane wings
and automobile chassis, uniform load distribution is ensured by aligning carbon fibers
within the LCE matrix. Moreover, carbon fibers’ thermal conductivity aids in control-
ling the heat produced during LCE actuation, extending the operational lifespan of these
composites [139].

A unique path of innovation in LCE applications was established by Mistry et al., who
reported in 2018 the synthesis and characterization of acrylate-based LCEs with inherent
auxeticity without porosity and suggested that these could be designed so as to tune the
auxetic response [140]. This was later demonstrated in 2024 by Cooper et al. by the synthesis
of the same acrylate nematic LCEs, whose optical and physical properties could be adjusted
by their composition and synthetic conditions [141]. Auxetic materials present a negative
Poisson’s ratio: when the material is exposed to an applied extension along one axis, then
the material will expand in the directions perpendicular to that axis. These unique materials
are known to have impact resistance, shear resistance, and fracture toughness, among other
desired properties [142]. The development of auxetic LCEs offers promising prospects for
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their use in various biological applications, such as cardiac stents [143], contact and other
optical lenses [141,144], and sports helmets [145].

7.2. Expanding Biological Applications

Liquid crystal elastomers (LCEs) are a remarkable new material with diverse appli-
cations in medicine and biology. Their exceptional adaptability and ability to respond to
external stimuli make them ideal for a wide range of applications. LCEs enable precise,
environment-responsive medication release systems in drug delivery. In soft robotics,
LCEs mimic natural muscle movements, advancing medical devices. For tissue engineer-
ing, LCEs provide customizable scaffolds for improved cell growth. In biosensing, LCEs
offer potential for advanced wearable and environmental sensors. LCEs’ tunable prop-
erties, including shape memory and anisotropic responses, allow for creative designs in
biomedical engineering, including for load-bearing biomedical applications. However,
challenges remain in ensuring biocompatibility, maintaining long-term stability, and achiev-
ing cost-effective production. Future research should focus on improving mechanical
characteristics, reinforcing integration with biological systems, and developing innovations
like photothermal-driven LCEs and advanced composites. LCEs show great promise for
revolutionizing biological applications. Ongoing research and development will be crucial
to fully realizing their potential in advancing medical and technological fields.
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Abstract: Liquid crystal elastomers (LCEs) are a monolithic material with programmable
three-dimensional (3D) morphing modes stemming from their designable non-uniform molecular
orientations (or director). However, the shape morphing mode is generally fixed when director pat-
terns of LCEs are determined. Multi-mode shape morphing is difficult to achieve since director
patterns cannot be reconfigured. Herein, we demonstrate the ability to reconfigure LCE director
patterns and initial shapes—and thus shape morphing modes—by the manual assembly and de-
assembly of LCE pixels. We measured the mechanical properties of LCEs with and without UV glue
and found their Young’s moduli were 9.6 MPa and 11.6 MPa. We firstly fabricate LCE pixels with
designed director fields and then assemble 24 pixels with required director fields into an LCE film
with a designed director pattern, which corresponds to a programmed shape morphing mode. We
further exhibit that we can de-assemble the LCE film back into original pixels or new pixels with dif-
ferent shapes and then re-assemble them into a new film with a different initial shape and director
pattern, which corresponds to a second programmed shape morphing mode. Principally, we can
have a large amount of shape morphing modes if we have enough pixels. The demonstrated capabil-
ity of multi-mode shape morphing enhances functions of LCEs, which broadens their applications
in soft robotics, programmable origami/kirigami, responsive surfaces, and so on.
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https://doi.org/10.3390/cryst14040357 1. Introduction

Academic Editor: Ingo Dierking Liquid crystal elastomers (LCEs) exhibit up to 400% strain [1,2] under various external
stimuli, such as temperature [3], light [4], and magnetic field [5]. One advantage of LCEs,
compared to other stimuli-responsive materials, is their programmable three-dimensional
(38D) shape morphing from a monolithic material, which relies on the designable molec-
ular orientations (or director) of LCEs introduced by mechanical stretching [2], magnetic
field alignment [6-8], or surface alignment [9-11]. Due to their advanced shape morphing
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capabilities, LCEs are an ideal candidate for artificial muscles [12,13], micro-mechanical
v actuators [14-16], and micro-robots [17].
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structures with initial 3D shapes and 3D director patterns by assembling cubic pixels with
a programmed uniform director field [25]. Generally, LCEs have fixed director patterns
which correspond to a determined single shape morphing mode.

For real world applications, the capability of multi-mode shape morphing is in high
demand for LCE structures to perform multi-functions. Currently, multi-mode shape mor-
phing of LCEs can be realized through dynamic carbamate bonds [26], the synergistic use
of photochemical and photothermal effects [27], or selective polymer chain decrosslink-
ing [28]. Specifically, Ji et al. demonstrated programmed and reprogrammed shape mor-
phing through heat-induced network rearrangement [26]; Priimagi et al. realized 6 differ-
ent shapes from one actuator programmed with UV light and blue light [27]; Zhao et al.
presented reprogrammable shape morphing and locomotion modes with the crosslinking
and decrosslinking properties of polymer chains [28]. These studies demonstrate many
appealing features of programmable shape morphing, while triggering the question of
whether the director patterns of LCE can be reconfigured to enable completely different
shape morphing modes.

In this paper, we propose a strategy to reconfigure LCE shape morphing modes by
rearranging LCE director patterns, which are enabled by the manual assembly and de-
assembly of LCE pixels. We firstly demonstrate the ability to fabricate LCE pixels with
designed director fields and the ability to assemble these pixels into an LCE film with de-
signed director patterns. We then show that the assembled LCE film can be de-assembled
back into original pixels or new pixels with different shapes, which can be re-assembled
into a new LCE film with distinct director patterns and thus a new shape morphing mode.
As an example, we demonstrated two-times reconfigurations of LCEs director patterns
(from —1 topological defect with 0 initial phase to —1 topological defect with —7r/4 initial
phase, and then to +1 topological defect with 0 initial phase) and the corresponding shape
morphing modes. We further demonstrate that except for director patterns, LCE initial
shapes can also be reconfigured by our strategy. We believe the demonstrated multi-mode
shape morphing capability will enhance various applications of LCEs.

2. Design and Results
2.1. Concept of Reconfigurable LCE Director Patterns

We propose to realize reconfigurable LCE director patterns by re-arranging pixels
with programmable director fields. We need to consider three critical points: (1) a strategy
to fabricate LCE pixels with programmable director fields; (2) a strategy to assemble pix-
els together into a film with a designed director pattern; (3) a strategy to de-assemble the
film back into the original pixels or completely different pixels. In this way, we can repeat-
edly assemble and de-assemble between pixels and LCE films with different designable
director patterns.

The first critical point is enabled by the surface patterning of LCE film and laser cut-
ting of the LCE film along designed orientations. As schematically shown in Figure 1a,
we fabricated LCE films with planar alignment on the bottom surface and perpendicular
alignment on the top surface, which corresponds to splay alignment. The chemical com-
position of LCE and the correspondingly weight ratio were presented in Figure S1. To
verify the alignment of LCE, we checked polarized microscope images of uniform align-
ment and splay alignment, both of which were adopted in our research. Furthermore,
the images indicated the good alignment quality of our samples (see Figure S6). Square-
shaped LCE pixels with designable director fields can be achieved if we cut the film along
corresponding orientations (« in Figure 1b). For example, we schematically present four
pixels with different top-surface director fields (different ) in Figure 1c. Note that these
pixels have splay alignment (Figure 1d). This kind of splay alignment results in a bending
shape morphing towards the top surface along the planar alignment direction of each pixel
(Figure 1e) [17,29]. Order change is a function with respect to temperature; in particular, at
relatively low temperature, the order change might be much smaller than the one drawn
in Figure 1le. We remark that we choose the splay alignment and square shapes of pixels
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for simplicity in pixel assembly and the design of shape morphing modes. In fact, we can
select various director fields and shapes of pixels, to increase the design freedom.
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Figure 1. Schematic of reconfigurable LCE director patterns. (a) Schematic LCE director field.
(b) LCE pixels with different director fields fabricated through laser cutting, where « is the angle
between the planar alignment direction and one cutting edge. (c) A series of square pixels with dif-
ferent director fields. (d) Schematic 3D LCE director field of a single pixel. (e) Schematic morphing
mode of an LCE pixel. (f) Schematic of LCE pixel assembly process. Pixels are assembled on the
spin-coated UV glue and are sticked together after UV curing. (g) Schematic of LCE director pattern
reconfiguring process.

The second critical point is realized by using UV glue to stick assembled pixels with
designed director patterns into an LCE film (Figure 1f). We can design the director pattern
of an LCE film and select pixels with proper director fields. These pixels are assembled on
top of a thin layer of spin-coated UV glue. After UV curing, these pixels will stick together
to form an LCE film with the designed director pattern.

The third critical point is fulfilled by cutting the assembled LCE film into original
pixels or completely different pixels, as schematically shown in Figure 1g. Note that we
can cut the LCE film partially or along different lines to form new pixels. These pixels,
either original pixels or new pixels, can be used to form a new LCE film with distinct
designed director patterns.

2.2. Effect of UV Glue and Pixel Geometry on Shape Morphing

We proposed to use UV glue to assemble pixels into LCE films with designed shapes
and director patterns. It is important to explore the effect of UV glue film and pixel geome-
try on shape morphing. The most ideal situation is that neither the UV glue film nor pixel
geometry introduces obvious changes on shape morphing.

We firstly investigated the effect of UV glue film on the LCE shape morphing (see
Figure S2 for more details). We mixed UV glue 9310 and 9300 in a 1:1 weight ratio for
a proper adhesion performance, and we spin-coated the UV glue mixture onto a PDMS
(Polydimethylsiloxane) layer cured on a glass substrate with a rotation speed of 3000 rpm.
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An LCE film (6 mm in length and 3 mm in width) with splay alignment was placed on top
of the spin-coated UV glue. After UV curing, the LCE film and UV glue film will stick to-
gether firmly, which will be peeled off from PDMS. Another LCE film without UV glue film
isused for comparison. Then, these two samples are heated to 60 °C to compare their shape
morphing behaviors (Figure 2a). We measured the bending angle 6 of LCE films by adding
the two bending angles (¢ and 6;) of each end (Figure 2b). We present the time-dependent
bending angles of these two samples in Figure 2c, which indicates similar stable bending
angles (at 1.5 s). For better explanation of the experimental phenomenon, we conducted
tensile tests on these two samples (see Figure S5). The results indicated that the Young’s
moduli of the LCE films without UV glue and with UV glue were 11.6 Mpa and 9.6 Mpa,
respectively. To further illustrate the effect of UV glue on shape morphing, we also estab-
lished a simplified physical model (see Figure S10 for more details). Undoubtfully, the
thickness of UV glue film will affect the morphing performance. However, the influences
introduced by UV glue are acceptable in our research due to the relatively small thickness
of UV glue film (almost 25 pm, see Figure S4) and its low Young’s modulus. Note that the
LCE film with UV glue had a slower responding speed compared to the one without UV
glue, which is reasonable since the presence of the UV glue film decreases the heat transfer
speed. These experimental results prove the feasibility of UV-glue-assembled pixels.
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Figure 2. Effect of UV glue and pixel geometry on shape morphing of LCE. (a) Schematic heat-
ing setup of LCE with and without UV glue. (b) Method to measure bending angle for LCE films.
(c) Bending angles of LCE film with and without UV glue as a function of time. Insets: photographs
of LCE films at 1.5 s response time. (d) Bending angles of LCE films assembled with different pixels
as a function of time. Insets: photographs of LCE films assembled with different pixels before shape
morphing. All scale bars are 3 mm.

We then explored the effect of pixel geometry on LCE shape morphing. Both pixel size
and pixel shape might be important in affecting the shape morphing of LCE films. There-
fore, we assembled LCE films with pixels of different sizes (film 2 and film 3 in Figure 2d)
and shapes (film 4 and film 5 in Figure 2d) and compared their shape morphing behavior
with an LCE film that was directly fabricated (film 1 in Figure 2d). The time-dependent
bending angles presented in Figure 2d indicate all films have similar stable bending an-
gles and responding speeds, which is favorable for the further design of assembled LCEs
with programmable director patterns. In other words, as long as the geometry and the
director pattern are the same, the differences between directly fabricated LCEs and the as-
sembled LCEs is acceptable for reconfiguring experiments. Therefore, we can use pixels
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with various shapes and sizes to create desired assembled LCEs, which further enhances
the versatility of our proposed strategy. We remark that the operating temperature of the
LCE is between room temperature and 90 °C in this manuscript. However, the nematic—
isotropic transition temperature of the LCE is as much as 200 °C [30], which allows for an
operating temperature between room temperature and 200 °C.

2.3. Demonstration of Programmable Complex LCE Director Pattern from Pixels

We demonstrated the ability to fabricate LCE films with complex designable director
patterns by assembling selected pixels with a proper director field. As schematically shown
in Figure 3a, we assembled 24 pixels into an LCE film with a +1 topological defect. Note
that we only used the four types of pixels schematically shown in Figure 1c. Each pixel can
be rotated by 90° to form a pixel with a different director field.

¥ Front View ¢ Top View
90°C — BENWC il

Figure 3. Optical characterization and shape morphing of LCE film assembled with square pixels.
(a) Schematic of +1 topological defect director fields of an LCE film assembled from pixels. (b) Po-
larized optical microscope image of the assembled LCE film, taken at room temperature. P and A
represent polarizer axis and analyzer axis respectively. (c¢,d) Front (c) and top view (d) of LCE film
when heated to 90 °C. Black lines in (b-d) represent director fields of each pixel. All scale bars are

3 mm.

The polarized optical microscope image (Figure 3b) shows a dark cross, which rep-
resents a typical liquid crystal topological defect with charge 1. We observed pixels with
3 types of light transmittance, corresponding to pixels with « = 0°, & = 45°, and & = 22.5°
or 67.5°. Here, we used pixels with planar alignment on both the top and bottom surfaces
(instead of splay alignment) for better characterization of the assembled LCE under a po-
larized microscope. We then investigated the shape morphing behavior of the assembled
LCE film. Figure 3c,d present a front view and top view of the film at 90 °C, which show a
typical saddle shape. These results indicate that assembled LCE films with complex direc-
tor patterns show similar shape morphing behaviors as directly fabricated LCE films [20],
which is favorable for designing the shape morphing of assembled LCE films.

2.4. Reconfiguration of LCE Director Patterns

We then explored the ability to reconfigure LCE director patterns by using pixels with
splay alignment. We firstly designed an LCE film with a director pattern corresponding to
a —1 topological defect with a 0 initial phase, as schematically shown in Figure 4a(i). We
selected 24 pixels divided into 4 types, the same as those presented in Figure 1c. We then
heated the film to 30 °C, 60 °C, and 90 °C sequentially to investigate the shape morphing
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c(i)

1 Reconfiguration

behaviors. The polarized optical microscope images of the LCE at different temperatures
implied different order parameters (see Figure S8 for more details) [31-33]. We present the
side view (top row) and top view (bottom row) of the morphed shape in Figure 4a(iii). At
60 °C, we observed a four-fold symmetric shape. For better understanding, we schemati-
cally show the corresponding shape in Figure 4a(ii). At 90 °C, the shape morphing along
one diagonal direction dominates due to the non-uniformity of heat.

30°C 60°C 90°C

a(ii) a(iii)

b(ii)

(i)

Figure 4. Reconfiguration of LCE director pattern. (a(i-iii)) Schematic director pattern (a(i)),
schematic shape morphing (a(ii)), and experimental shape morphing (a(iii)) of LCE film with a di-
rector pattern of a —1 topological defect with 0 initial phase. (b(i-iii)) Schematic director pattern
(b(i)), schematic shape morphing (b(ii)), and experimental shape morphing (b(iii)) of LCE film with
a director pattern of a —1 topological defect with —7r/4 initial phase. (c(i-iii)) Schematic director
pattern (c(i)), schematic shape morphing (c(ii)), and experimental shape morphing (c(iii)) of LCE
film with a director pattern of a +1 topological defect with 0 initial phase. All scale bars are 3 mm.

We then de-assembled the LCE film into original pixels (see Figure S3 for more details)
and re-assembled these pixels into a new film with a director pattern corresponding toa —1
topological defect with —7r/4 initial phase (Figure 4b(i)). We also performed experiments
to prove the durability (see Figure S7) and reversibility of the LCE (see Figure S9). At
60 °C, we observed a bending shape morphing along one diagonal (Figure 4b(iii)). Finally,
we de-assembled the LCE film into original pixels again and re-assembled these pixels into
a new film with a director pattern corresponding to a +1 topological defect with 0 phase
(Figure 4c(i)). At 60 °C, we observed a four-fold symmetric shape (Figure 4c(iii)) which
differed from Figure 4a(iii).

We notice that in Figure 4a(i), the director fields are always perpendicular to two diag-
onals if we track the local director field along these diagonals; this causes expansion of the
top surface along two diagonals upon actuation and makes the four corners bend down-
ward. In contrast, director fields are always parallel to two diagonals in Figure 4c(i), which
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results in contraction of the top surface along two diagonals upon actuation and makes the
four corners bend upwards. In addition, director fields are always 45° to two diagonals in
Figure 4b(i), and the shape morphing is apparently different from the previous two cases.

In this section, we demonstrated the reconfiguration ability of LCE director patterns
by the assembly and de-assembly of LCE pixels with a selected director field. Through
two-times reconfiguration of the director pattern, we achieved three distinct shape morph-
ing modes. We remark that more shape morphing modes can be realized by multi-times
reconfiguration.

2.5. Reconfiguration of Both LCE Shapes and Director Patterns

Reconfiguration of the director patterns already enables multiple shape morphing
modes. We further explored the ability to reconfigure LCE shapes and director patterns
simultaneously to allow for more shape morphing modes. We firstly assembled an LCE
square ring with circular alignment using 8 pixels (Figure 5a(i,ii)) and then reconfigured
both the shape and director pattern of the square ring to obtain N-shaped film with an
axially symmetric director pattern (Figure 5b(i,ii)); this was finally reconfigured into an L-
shaped film with complex director pattern (Figure 5c(j,ii)). The shape morphing behaviors
of these three films are completely different. Therefore, we can design shape morphing
modes through reconfiguring both the initial shapes and director patterns of LCE films.

"’ () 4 (i)
' 7 (ii) R&conﬁ;:mlum / 7 oii)
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(=== =]=]
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30°C - 40°C —_ 60°C — 90°C
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Figure 5. Reconfiguration of both LCE shapes and director patterns. (a(i,ii)—c(i,ii)) Multi-mode
shape morphing realized with 8 pixels. (d(i,ii),e(i,ii)) LCE director pattern and shape reconfigu-
ration between two Chinese characters. (f(i,ii),g(i,ii)) Reconfiguration between a helix and a gripper
realized through reconfiguration of LCE director patterns and shapes. Red arrows in figures repre-
sent cutting tracks. All scale bars are 3 mm.

We then demonstrated the flexibility of our reconfiguring strategy to partially de-
assemble the LCE films and introduce a new LCE film with programmable shape and
director pattern. For example, we firstly assembled an LCE film with the shape of the Chi-
nese character “H” using 21 pixels with & = 0° (Figure 5d). We then selectively separated
the LCE film into 11 pixels via 8 cuttings (red arrows in Figure 5d). We finally assembled
these 11 pixels into another Chinese character “.” (Figure 5e). We obtained distinct shape
morphing modes from these two films.

We finally demonstrated multi-functions of LCE-based soft robots, enabled by the
reconfiguration of LCE films. We firstly assembled nine pixels (using an « = 0° direc-
tor field) into a stripe, which transformed into a circle at 40 °C and a helix above 60 °C
(Figure 5f). We then de-assembled the stripe into three pixels with two cuttings (red ar-
rows in Figure 5f) and assembled the three pixels into a cross shape, which could work as
a gripper at high temperature (Figure 5g(ii)). The helix [5] and gripper [17] are widely used
in soft robotics for locomotion and grabbing, respectively. Reconfiguration between these
two shapes may allow for cargo transportation and more functions. We expect the recon-
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figuration of LCE shapes and director patterns will introduce more advanced functions of
LCE-based soft robots.

3. Discussion

In this research, we demonstrated a strategy to reconfigure both LCE director patterns
and LCE initial shapes for improving multi-mode shape morphing. Compared with pre-
vious researches [26-28], one obvious advantage of this work lies in the reconfiguration
of complex LCE director patterns. For simplicity, we demonstrated the reconfiguration
of LCE director patterns assembled from 24 square-shaped pixels (Figure 4). We remark
that different numbers of pixels with various designable initial shapes can be applied to
further improve the complexity of achievable LCE configurations and thus complex shape
morphing modes.

In principle, we should be able to reconfigure LCE director patterns and LCE initial
shapes for an unlimited number of times. Ideally, we need a reversible glue to transfer
between adhesion and non-adhesion states. However, even though we tried our best, we
could not find this kind of glue. The glue we used cannot be removed after de-assembly
of our LCE films, and for each reconfiguration process, the new LCE film will add a new
layer of UV glue. This significantly reduces the number of times we can reconfigure the
LCE films. Furthermore, a smaller thickness of UV glue will minimize the influence on the
shape morphing of assembled LCE structures. We expect a newly developed reversible
glue can solve this problem and enable unlimited times reconfiguration of the LCE director
patterns and initial shapes. Further improvement includes the application of a larger LCE
pixel thickness and gluing the pixels on the sides.

We also use manual assembly in this research to assemble pixels into LCE films, which
restricts the assembly efficiency; furthermore, it is time-consuming to assemble a large
number of pixels and it is difficult to assemble pixels on the micrometer scale. Therefore,
we believe self-assembly should be incorporated in our reconfiguration in the future, to
significantly improve our strategy. In this research, we focused on assembling pixels into
two-dimensional (2D) LCE films. In fact, the strategy demonstrated can be easily applied in
reconfiguring three-dimensional (3D) LCE structures. In addition, as the LCE pixels were
fabricated by laser beam, we could design arbitrary shapes and sizes of the LCE pixels,
even down to the micro-scale. Considering the manual assembly process, the minimum
controllable size of the pixel would be 50 pm [25].

To improve the versatility of the proposed strategy on the reconfiguration of the LCE
director pattern, we proposed the following future studies: (1) self-assembly processes to
gather pixels into desired shapes and director patterns with high efficiency; (2) a better
glue to stick pixels together so that they can be de-assembled via a simple method; and
(3) the 3D assembly of voxels. We believe an improved reconfiguration strategy of LCE
director patterns will find enhanced applications in soft robotics, medical micro-robotics,
reconfigurable origami/kirigami, and so on.

4. Conclusions

In conclusion, we demonstrated a strategy to reconfigure both LCE director patterns
and initial shapes for multi-mode shape morphing. We firstly fabricated LCE pixels with
designed director fields by using surface alignment and laser cutting, and we further
demonstrated the reconfiguration of both LCE director patterns and LCE shapes by the
assembly and de-assembly of pixels with designed director fields. In particular, we can de-
assemble LCE films into pixels different from the original ones, improving the flexibility of
our reconfiguration strategy. We finally showed that this strategy enabled multi-functions
of LCE-based soft robotics. We believe these demonstrated capabilities will enable more
advanced functions of LCE based actuators.
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5. Materials and Methods

Materials: The LCE was made from a mixture containing 65 wt% of liquid crystal
monomer Rm006, 32 wt% LC monomer Rm257, 2 wt% of light-responsive molecule N-
Ethyl-N-(2-hydroxyethyl)-4-(4-nitrophenylazo) aniline (Disperse Red 1, Sigma Aldrich (St.
Louis, MO, USA)), and 1 wt% of photo-initiator (2-benzyl-2-dimethylamino-4-morpholino-
butyrophenone, MERYER), in which Rm006 and Rm257 served as acrylate-functionalized
LC monomers and LC crosslinker, respectively. Disperse Red 1 was added as red dye to
color materials for convenience in operation and observation. The weight ratio of RM006
and RM257 was selected as approximately 2:1, which benefits the alignment of LCE during
the fabrication process. All materials were used as received. UV glue (Type 9310 (Shen-
zhen Tegu New Material Co., Ltd., Shenzhen, China)) was used to assemble two glasses
into a liquid crystal cell. PDMS was mixed in a 10:1 weight ratio and then spin-coated
on the glass. After curing at high temperature (e.g., 100 °C), the PDMS film served as
the surface on which UV glue was spin-coated for better separation of the assembled LCEs
films from the glass substrate. An UV glue mixture of Type 9310 and Type 9300 (Shenzhen
Tegu New Material Co., Ltd., Shenzhen, China) with a weight ratio of 1:1 was prepared to
balance the adhesion and Young's modulus for pixel assembly.

Liquid crystal cells: To fabricate liquid crystal cells, two glass substrates were first
cleaned for 15 min using ultrasound and then for 40 min using UV ozone. After that, the
glass substrates were either spin-coated with a 2 wt% water solution of polyvinyl alcohol
with a rotation speed of 4000 rpm for 30 s or spin-coated with PI1211 at a rotation speed
of 1500 rpm for 30 s, respectively. The PVA-coated glass substrate and the PI1211 coated
substrate were heated at 120° for 10 min and at 180° for 30 min. After cooling, the PVA-
coated glass slide was rubbed unidirectionally with a cloth for uniform planar alignment
and subsequently blown with air blast to remove surface dust particles. Tiny drops of
UV glue were picked up by sharp needle and placed on the four corners of the PVA-coated
substrate. Then, the PI1211-coated substrate was assembled with the PVA-coated substrate
to form a cell. Note that spherical spacers of 50 um diameter were mixed in the UV glue
to determine cell thickness. After that, an UV LED was used to cure the UV glue.

LCE films: To prepare LCE films, the monomer mixture was magnetically stirred at
150 °C for 5 min. Then, the mixture was filled into the cell by a capillary force at 150 °C and
cooled down to room temperature to reach the nematic phase for programmed alignment.
Note that the whole process needed to be performed in the absence of light. Then, we used
the UV LED to polymerize the LC mixture for 2 h. After curing via the UV LED, the LC cell
was opened from one side by blade. Then, we used the laser beam to cut LCEs into pixels
according to our design. In particular, the model of the laser equipment was AMT-1064-
20-100-W (Industrial Picosecond Lasers, Advanced Optowave Corporation, Ronkonkoma,
NY, USA) and the wavelength of the laser beam was 1064 nm. Moreover, the related pa-
rameters we applied were as follow: power: 500 w; repetition rate: 200 kHz; velocity:
400 mm/s; and cycle times: 300.

Pixel assembly: To assemble pixels into an LCE film, a glass substrate was thoroughly
cleaned for 15 min using ultrasound and then spin-coated with PDMS mixture at a speed
of 2500 rpm for 30 s. The coated glass was then cured on a heating plate at 100 °C for 10 min
to form a PDMS film. After that, the PDMS film was spin-coated with UV glue mixture at
a speed of 3000 rpm for 30 s. Then, pixels with designed director fields were assembled on
top of the UV glue mixture. After curing of the glue, the LCE film was peeled off from the
PDMS substrate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/[www.mdpi.com/article/10.3390/cryst14040357/s1, Figure S1. Chemical composition of LCEs and
the corresponding weight ratios. Figure S2. Effect of different UV glues on LCE shape morphing.
Figure S3. De-assembly of an LCE film into pixels. Figure S4. Thickness of UV glue layer. Figure S5.
Stress—strain curve for LCE without (a) and with (b) UV glue. Figure S6. Polarized optical micro-
scopic images of uniform (a) and splay (b) aligned liquid crystal elastomers. Figure S7. Shape mor-
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phing of LCE sample fabricated 3 months prior. Figure S8. Polarized optical images of LCEs at
different temperatures. Figure S9. Bending angle of LCE film measured with respect to heating—
cooling cycles. Figure 510. Normalized curvature with respect to thickness of two layers. Movie S1.
Effect of UV glue on shape morphing of LCE. Movie S2. Effect of pixel geometry on shape morphing
of LCE. Movie S3. Reversibility experiment for LCEs.
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Abstract: This article provides a brief overview of the research on localized optical states
called Tamm plasmons (TPs) and their potential applications, which have been extensively
studied in recent decades. These states arise under the influence of incident light at
the interface between a metal film and a medium with the properties of a Bragg mirror,
or between two media with the properties of a Bragg mirror. The localization of the
states in the interfacial region is a consequence of the negative dielectric constant of the
metal and the presence of a photonic band gap of the Bragg reflector. Optically, TPs
appear as resonant reflection dips or peaks in the transmission and absorption spectra in
the region corresponding to the photonic band gap. The relative simplicity of creating
a Tamm structure and the significant sensitivity of TPs to its parameters make them
attractive for applications. The formation of broadband and tunable TP modes in hybrid
structures containing, in particular, rugate filters and porous distributed Bragg reflectors are
considered. Considerable attention is paid to TP designs that include liquid crystals, which
allow for the remote tuning of the TP spectrum without the mechanical restructuring of the
system. The application of TPs in sensors, thermal emitters, absorbers, laser generation,
and the experimental capabilities of TP-liquid crystal devices are also discussed.

Keywords: Tamm plasmon; Tamm plasmon polariton; optical Tamm state; liquid crystal;
reflectance; sensors; absorbers; thermal emitters

1. Introduction

Surface electromagnetic waves propagating along a flat interface between two dis-
similar media have been studied for quite a long time, and the results of many of these
studies are reflected in a large amount of literature (see, for example, [1,2]). The conditions
that ensure the surface nature of such waves are very different. For example, the so-called
Dyakonov or Dyakonov—-Voigt surface waves propagate along a plane interface between
isotropic and uniaxial dielectric media when both media are non-dissipative [3-5]. The
propagation of waves along the interface without the diversion of their energy into the
volume of the media occurs due to the difference in the symmetry of these media, and only
in a small range of directions parallel to the plane of the interface.

At the interface between metal and dielectric media, well-known surface plasmon (SP)
waves are formed [6,7]. The attenuation of the SP waves with distance from the interface
into the bulk of the metal is a consequence of the negative dielectric permittivity of the
metal, while the attenuation into the bulk of the dielectric has the same nature as at total
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internal reflection. It should be noted that due to the momentum conservation law, the
direct optical excitation of SPs in planar structures is impossible without the use a prism or
diffraction grating, which is not always convenient in applications (Figure 1).

Surface electromagnetic waves can also propagate between linear and nonlinear
media [8], in homogeneous layers of chiral or optically active materials [9]. There are
reports of surface light waves along the interface of optical mirrors with different wave
vector space topologies (topological photonic states) [10,11].

A Keop —

-~ e

Figure 1. Schemes illustrating methods of optical excitation of SPs [12]. (A) Prism coupling scheme in
Kretschmann configuration (left) and in Otto configuration (right). (B) Grating coupling scheme.

In recent decades, much attention has been focused on the study of localized optical
states that arise at the interface between a thin metal film and a dielectric medium with the
properties of a Bragg mirror (Figure 2a), or at the interface between two dielectric media
with the Bragg mirror properties (Figure 2b). A distributed Bragg reflector (DBR) is usually
chosen as a medium with the properties of a Bragg mirror.
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. ‘y
Bragg mirror ,
sen see I’
/y
’
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(a) (b)

Figure 2. Schematic of system for excitation of localized optical states: (a) system metal-DBR and (b)
system with two DBRs [13].

As in the case of conventional SPs, the damping of such localized optical states
with distance from the interface in a metal bulk is a consequence of the metal negative
permittivity, and the damping in the DBR occurs due to the existence of the DBR photonic
band gap. Such localized states are called optical Tamm states (OTSs) [14-17] or Tamm
plasmons (TPs), since they can be associated with the simultaneous excitation of plasmons
in the metal film [18-22]. These states were named by analogy with the electronic states
predicted by Tamm [23], which can arise in the electronic band gap on the crystal surface.
The Tamm plasmon (TP) is often also referred to as the Tamm plasmon polariton (TPP) to
emphasize the strong relationship between the incident light and the plasmon oscillation.
In contrast to conventional SPs, TPs can be excited by an electromagnetic wave at any angle
of incidence without an additional prism or grating, and can be formed in both the TE
and TM polarizations. TPs manifest themselves optically in the form of resonance dips in
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the reflection or peaks in the transmission and absorption spectra in the spectral region
corresponding to the DBR band gap.

For TP applications, it is extremely important to be able to control the spectral char-
acteristics of the TP, such as the wavelength, magnitude, and width of the dip/peak that
arises because of TP in the reflection/absorption (transmission) spectra of the TP structure.
These characteristics depend on the values of the TP-structure parameters, namely the
permittivity and thickness of the metal film and DBR layers, as well as the corresponding
spacers, if present. Changing these values, which requires the mechanical restructuring of
the TP system, is not very convenient for applications; therefore, a number of TP structures
have been proposed that incorporate liquid crystals (LCs), as nematic or cholesteric LCs.
An important advantage of such TP structures is the possibility of the distant control of the
LC refractive index using external electric or magnetic fields, which makes it possible to
remotely tune the spectrum associated with the TP without the mechanical restructuring of
the TP system.

Next, a brief overview of the main results of theoretical and experimental studies of
TP structures and their resonance properties, as well as their potential applications, are
presented. In the following, for simplicity, we predominantly use the term TP, except in
some cases where the more general term OTS seems more appropriate.

2. Basic Schemes Used to Excite Tamm Plasmons and Study Their
Properties
2.1. The Formation of a Confined Electromagnetic Mode Localized at the Interface Between a Metal
and a Distributed Bragg Reflector

The theory of electromagnetic modes localized at the interface between metal and
DBR was first formulated in [18] using a procedure similar to that previously described
in [24]. A DBR has alternate planar dielectric layers of thicknesses a and b, and refractive
indices 14 and ng, respectively, such that n4a = ngb = 7tc/2wy, where wy is the Bragg
frequency. A layer of type A in the DBR is adjacent to the metal. It was shown that localized
electromagnetic modes could exist with a frequency below the plasma frequency of the
metal and close to the DBR Bragg frequency if

rmTpBR =1 (1)

In Equation (1), rps is the amplitude reflection coefficient for the wave incident on
the metal from the medium with refractive index 74, and rppr is the amplitude reflection
coefficient of the wave incident from the medium with refractive index 14 on the DBR
starting with a layer of the same refractive index (114).

The reflection coefficient ) is given by the usual Fresnel formula ry; = (14 — np1)/
(na + np), where ny, is the refractive index of the metal. Using the Drude model for metal,

one can obtain )
. napw
rm =exp|i| T+ )} 2)
p{ ( VErWp
where ¢; is the background dielectric constant and wy, is the plasma frequency.
The reflectance rppr can be obtained using the transfer matrix method [25]. If we
assume that the DBR has a large number of layers, then a wave that has a frequency

sufficiently close to the Bragg frequency wy has a reflection coefficient of

rper = £ explif(w — wp)/wo) 3)
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In Equation (3), the negative (positive) sign corresponds to the case n4 > np (n4 < np)

and
TN A

p 4)

The analysis of Equations (1)-(4) shows that the solution corresponding to a localized
photonic state can be obtained near the center of the first DBR band gap, where the reflection
is large, and therefore, the radiative decay of the state will be small if n4 > np. In this case,
Equation (1) reduces to

 |na —ns

w — w 2n AW
T+ B w00+n+\/£w,,:2”l (5)

where | = 0 or an integer. For a solution close to the Bragg frequency, wy, I = 0 and Equation

(5) gives the following angular frequency of TP:

w o ©)

(14 2nawo/ \/pPwp)

In particular, in the case of an interface between gold (for which fiw, = 8.9 eV) and a
quarter-wave GaAs/AlAs Bragg reflector (with a Bragg frequency given by iiwg =1 eV)
Equation (6) predicts a TP frequency of wrpp =~ (0.95 /h) eV.

Figure 3 shows the calculated reflection (Figure 3a), transmission, and absorption
(Figure 3b) spectra of a 14-period DBR on a semi-infinite gold layer for different angles of
incidence [18]. For frequencies that are not eigenfrequencies of the structure, the reflection
is determined by the reflection coefficient of the metal, which is close to unity. At the
eigenfrequencies, the absorption increases, and each TP appears as a narrow dip in the
reflection spectrum and a peak in the transmission and absorption spectra. As noted above,
a TP can be formed with either TE or TM polarization and can be optically excited without

the use of prisms or gratings.
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Figure 3. (a) Reflection spectra of the AlAs/GaAs DBR on a semi-infinite gold layer for TE- and TM-
polarized light for various angles of incidence: normal incidence (solid line), 30° (dashed line), 45°
(dotted line), and 60° (dash-dotted line). (b) Transmission spectra of the free-standing AlAs/GaAs
DBR covered by a 30 nm-thick gold film using TE and TM polarized light at various angles of
incidence: normal incidence (solid line), 30° (dashed line), 45° (dotted line), and 60° (dash-dotted
line). Thin solid lines show absorption spectra for each case [18].
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TPs can be observed in the transmission spectra, despite the structure consisting of
two objects (metal film and DBR) that are almost opaque to the radiation at the frequency
of the TP. The reason for the appearance of the peaks in the transmission is similar to those
for a Fabry—Perot cavity [25]. When the frequency of the incident radiation is equal to the
frequency of the eigenmode, energy accumulates inside the structure and the magnitude
of the field inside the structure increases compared to the incident wave. Thus, the flux
of radiation incident on the DBR or metal film at the interface is increased by a factor
corresponding to the specific eigenmode, and in turn the transmission becomes substantial.

In [26], the hard-mirror model for a one-dimensional cavity formed between a DBR and
a metal mirror is applied to study TPs. It is also shown that the effective index model can
describe TP modes that are laterally confined by the presence of a metallic disk deposited
on the DBR.

2.2. Obtaining a Broadband TP

TPs in a one-dimensional multilayer structure composed of a finite DBR covered by a
thin metallic layer have been theoretically and experimentally investigated in paper [22].
The DBR unit cell comprises two types of alternating dielectric layers with high (H) and
low (L) refractive indices, ny, nr, and thicknesses, dy, dr, respectively. The one-unit cell
on the top of the DBR can be truncated continuously to provide a smooth transition from
the HLH to the LHL configuration. The DBR is placed in an air environment with refractive
index n,j, = 1. Porous quartz (S5iO,) with refractive indices of n; = 1.22 and ny = 1.45 as
the DBR material is considered. The alternating layer thicknesses are d; = 150 nm and
dy = 127 nm. The total number of layers is N = 101 (Figure 4).

s, P incident light

—r

Figure 4. Schematic of the structure consisting of a Bragg mirror and a metal layer [22].

The absorptance, reflectance, and transmittance of the structure are calculated using
the temporal coupled mode theory [27,28]. The resulting reflectance spectra for the HLH
and LHL configurations for different metal layer materials are shown in Figure 5. According
to the numerical calculation of the reflectance spectra, the use of aluminum and silver layers
deposited onto the LHL configuration of the structure (Figure 5a) leads to an increase in the
TP quality factor, which is observed as a resonance curve narrowing. For a chromium layer
deposited onto the DBR with the LHL configuration, the TP makes it possible to completely
suppress reflection and maximize absorption.

The transmittance spectra of the LHL and HLH structures measured at different
chromium layer thicknesses show that transmission bands are not formed in the band gap
for both the LHL and HLH configurations. It is also concluded that 95% of the incident
light at the TP wavelength is only absorbed in the LHL structure. The transition from
one configuration to the other allows for changing the reflection regime and ensuring
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the broad-band absorption. It is also shown that the variation of the metal film material
permits control of the width of the TP resonance line. In particular, the use of a metal film
of chromium allows for a maximum width of the spectral line.

(@) ———— — (b) . — T
- A m
. 08 — . 0.8 f 'cx __(/"f
é 0.6 § 08 '0' '
; g |
04 0.4
2 11 ICCR |
© 02 A\\\\\\'M.‘N.',"“\A“ "v“'V“V"'.'".'"'-""'.‘;"j"v © 02 rﬂ\%\Wh\':\'.‘M'.';\' M\l\ﬁ‘l\.‘ﬂuﬂ fifh
: \[/ . '
450 550 650 750 850 950 450 550 650 750 850 950
A (nm) A (nm)

Figure 5. Reflectance spectra of (a) LHL and (b) HLH structures with silver (d 4, = 50 nm), aluminum
(d4; = 5 nm), and chromium (d¢c, = 6 nm) layers [22].

2.3. Tunability and Optimization of Coupling Efficiency in TAMM Plasmon Modes

In paper [29], the structure for obtaining TP is considered as a dissymmetric resonator
enclosed by a metal mirror on one side and a DBR on the other. Based on the general theory
of open resonators [30], resonant transmittance and reflectance take the following form:

1 712 2 1 2
T = 4rradrrad R = (rmd — rmd + rdis) @)
27 2
(r}ad + rzad + rdis) (r‘}ud + r%lld + rdis)

where T'j;; is the damping factor due to intrinsic (ochmic) loss, and F} g and ng 4 are the
radiative loss factors for the two barriers. The transmittance T may reach unity only for
non-absorbing, symmetric structures (I'y;s = 0, I“} d = Ffﬂ ;). This situation occurs in
dielectric cavities surrounded by two identical DBRs, since the response of the cavity
improves with the reflectivity of the two mirrors. The quality factor increases with the
number of layers, yielding a field enhancement inside the cavity and a more complete
transmission at resonance. The introduction of a metal element [30] changes the situation,
since a 100% transmission is no longer possible due to light absorption by the lossy structure.
The reflection may still reach 0%, under the critical coupling condition T'ys = T% , — T2 ..
When the transmission is prohibited (Ffa 4 = 0) due to total internal reflection [31], critical
coupling coincides with complete light absorption. Changing structural parameters and
incident conditions changes the balance between radiative and non-radiative loss channels,
leading to the different behavior of the optical response. The conditions leading to the
disappearance of the reflection coefficient of the Tamm structure due to the formation of a
TP have been studied.

The Tamm structure is presented in Figure 6. An experimentally relevant configuration
in the near-infrared region (gold with DBR formed with alternating layers of AlAs and
GaAs) is considered. The complex dielectric function for the gold layer is taken from [32].
To obtain the resonance condition associated with TP, it is necessary to find a pole in the
complex reflectance associated with the multilayer structure. Fresnel equations were used

at successive interfaces of the multilayer structure [33].
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air
(a) * gold

Figure 6. Schematic view of the Tamm structure: a GaAs/AlAs DBR with a gold film. The letter (a)
indicates the pattern of light intensity distribution in the structure. Reprinted with permission from
[29] © Optical Society of America.

Figure 7 shows the different situations considered. The left panels (a, b, and c) consider
incidence from the air-Au side, presenting the far-field optical response (reflectance R,
absorbance A, and transmittance T) at normal incidence for three different Tamm structures.
Three situations are considered: (a) an unoptimized structure, where light only partially
couples to the Tamm mode (R # 0), (b) a critical coupling situation with R = 0, and (c)
perfect absorption (A = 1). The same layout is adopted for the right panels (d, e, and f),
where structures were selected to illustrate the reverse case of light incident from the
substrate-DBR side. This allows a direct comparison between the two possible experimental
configurations.

10 pairs, d=20nm 13 pairs, d=20nm 100 pairs, d=30nm 5166 10 pairs, d=20nm 10 pairs, d=30nm 13 pairs, d=200nm
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Figure 7. Far-field response for different TP structures. Left panels consider light incident from the
substrate-DBR side, and the right panels consider the reverse case of incidence from the air-gold
side. (a,d) Unoptimized structure, (b,e) critical coupling, and (c,f) perfect absorption. Reprinted with
permission from [29] © Optical Society of America.

Some features can be noted from the results obtained. First, a broad range of param-
eters (number of layers, N; metal thickness, d; and spacer thickness, s) can be tuned to
reach critical coupling conditions (Figure 7b,c,e,f). Second, the reflectivity of both mirrors
(Au layer and DBR) affects the spectral position of the TP, as well as the linewidth of the
mode. As the DBR (or Au) thickness increases, the TP mode blue-shifts and gets narrower
as a consequence of reduced radiative damping. Third, the influence of the direction of
incidence on the optical response. Cases (a) and (d) are for the exact same structure, only
the direction of incidence differs. The far-field properties are qualitatively similar, with a
negligible shift in the TP resonance for these cases.
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The asymmetry in the response is better revealed in the optimized conditions (Figure 7b,c¢,f)
allowing for critical coupling and perfect absorption. When light is incident from the air-Au
side, an optimum and finite metal thickness is required to allow the coupling of incident
light with the TP mode. The DBR, however, may extend to infinity, as it prevents radiative
leakage through transmission. On the other hand, with incidence from the DBR side,
a finite number of layers enables optimum coupling to the TP, while the metal may be
optically opaque. Optimization for various configurations at total absorption has also been
considered.

In [34], a TP structure is studied using a standard quarter-wavelength DBR composed
of eight pairs of TiO, and SiO, with a Bragg wavelength of 500 nm. The TiO; and SiO,
layers were deposited onto a glass substrate. The thicknesses of TiO, and SiO, are 50.4 and
86.7 nm, respectively. A 30 nm-thick silver film is coated on top of the DBR.

Expansion of the top H layer in the simulation was shown to shift the TP wavelength
from 584 to 504 nm. Measured results agree well with these simulation results. The effect
of the metal film material on the TP was studied for TP structures using gold, silver, and
aluminum, designed for resonance wavelengths of 500 and 700 nm. It is shown that metals
with a higher ratio of the imaginary part to the real part of the target wavelength give a
narrower TRR resonance.

A number of articles propose the use of a magnetic field in Tamm structures. For
example, it was shown in [35] that the spectral position of the TP can be controlled by
changing the magnetization of the magneto-optical layer placed between the metal layer
and the DBR. In [36], a magnetic film added to the Tamm structure leads to the formation of
a hybrid state that includes a surface plasmon, a magnetic mode, and an OTS. This hybrid
state appears as a resonant peak in the transmission spectrum of the system.

2.4. Influence of Rugate Filters on the Spectral Manifestation of Tamm Plasmon

In [37], a rugate filter (RF) is used to study TP, which replaces the multilayer Bragg
reflector. RFs are thin dielectric films with a smooth periodic refractive index profile,
giving rise to spectral band gaps similar to Bragg mirrors that have a rectangular stepped
refractive index profile [38]. The RF has a smooth refractive index profile, which improves
many characteristics of optical devices compared to dielectric multilayer Bragg mirrors. In
particular, RFs provide a photonic band gap without significant ripples in the reflection
spectrum outside the band gap and without its higher harmonics; this enables the possibility
to overlay multiple harmonic waves (giving rise to multiple spectral notches) [38—41].

In Figure 8, a structure composed of an RF with a periodic dielectric function along
the z-axis and a metal layer adjacent to the RF is shown. A light beam, polarized along the
x-axis, is normally incident on the metal layer along the z-axis and propagates through the
metal and adjacent dielectric RF.
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Figure 8. Scheme of the “metal layer—RF” structure with directions of the light beams propagating in
the system and the refractive indices of the constituent layers [37].

In the area above the metal layer, z < — I, the electromagnetic field of the incident and
reflected beams is described by the electric and magnetic vectors:

Eo(z) = Apexp(iknqz) + Byexp(—ikniz),
Ho(z) = ML [Agexp(ikniz) — Byexp(—ikniz)],

= e

®)

where k = w/c, n is a refractive index of the medium in front of the metal layer, and Ay,
By are the amplitudes of the incident and reflected beams, respectively. The electric and
magnetic vectors of the wave field in the metal layer can be written analogously with the
complex refractive index of the metal: 7, = Nm+ iky,.

In the RF area, the dielectric tensor is periodic along the z-axis and can be expanded in
a Fourier series. Then, solving the wave equation in the RF area, one can use the coupled
wave method [42,43] and present the electric and magnetic vectors of the electromagnetic
field in the form of a superposition of the forward and backward waves with amplitudes
that are the slowly varying functions of z satisfying the Kogelnik equations [41]. Solving
these equations, one can obtain the corresponding solutions when a wavelength of the
incident beam is close to the Bragg wavelength of RF [44].

In the area below the RF, there is only an outgoing wave described by the electric and
magnetic vectors as follows:

E3(z) = Azexp(iknyz), Hs(z) = %Ag exp(iknyz) )
0
where 1, is a refractive index of the medium in the area z > L.
By solving the boundary conditions for the electric and magnetic vectors at z = -,
z = 0, and z = L, one can obtain expressions for the reflectance, R = |By/ A0|2, and

transmittance, T = (113/11)| A3/ Ag|?, of the system.
For numerical calculations, the structure “Ag layer—RF” is used with the RF refractive
index in the following form:

n(z) =n+ny, sin<27nz+tx> (10)

For the complex refractive index of Ag, frequency dispersion is taken according to [45].
The reflectance and transmittance spectra of the system composed of the RF film with
a refractive index profile described by Equation (10) and the Ag layer placed at the top
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of the RF are shown in Figure 9 for different values of the phase, «. Narrow dips of the
reflectance and peaks of the transmittance have been obtained by exciting the TP at the Ag
layer-RF interface.
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Figure 9. Reflectance and transmittance spectra of the “Ag layer-RF” system for different initial
phase values, a: « = —7r/2(1, black), 0(2, blue), 77/2(3, red), and 71(4, orange). Reflectance spectra
are shown with solid lines and transmittance spectra with dashed lines. The Ag film thickness is
45 nm [37].

It is shown that parameters of the harmonic profile of the RF refractive index signif-
icantly affect the TP wavelength and magnitude of the TP dips/peaks. The influence of
the metal layer thickness and the external medium refractive index on the position and
magnitude of the TP dips/peaks was also studied.

Recently, black phosphorus (BP) has attracted attention as a material that can be
obtained in the form of atomically thin layers with unique physical properties. The two-
dimensional BP layers have an electrostatically controlled density of charge carriers and, as
a result of the corrugated structure of each monolayer, they have highly anisotropic in-plane
electronic and optical properties [46—49]. The 2d BP charge carriers have high mobility
and a short (sub-picosecond) carrier lifetime, which make 2d BP a potential material for
devices operating in the terahertz (THz) frequency regime [50-54]. THz frequencies are
widely used in information and communication technologies, biomedical imaging, optical
switches, detectors, filters, and various sensors [55-57]. On this basis, 2d BP is considered a
promising candidate for optical applications in the infrared and terahertz regions of the
spectrum and, in particular, for studying surface plasmon polaritons [58-60]. Recently, a
multi-layer photonic structure with 2d BP was used to excite TPs in the THz region [61,62].

2.5. Excitation and Tuning of Optical Tamm States in a Hybrid Structure with Liquid Crystals

In [62], an RF (described in Section 2.4) used to excite TPs at the interface with the
2d BP film is theoretically studied. The 2d BP film is separated from the RF by a liquid
crystal (LC) layer. As it is known [63], LCs easily change their state under the influence of
external fields, which makes it possible to use them in photonic structures to change their
properties. Therefore, the LC layer provides an additional degree of freedom to influence
TPs. Figure 10 shows an influence of the LC refractive index on the reflection coefficient
when the RF band gap is located in the wavelength region centered near 300 pm (Figure 10a)
and in the wavelength region centered near 30 pum (Figure 10b). The dependence of the TP
wavelength on the LC refractive index makes it possible to control the spectral position
of the reflection dip associated with the TP using an external electric field to reorient the
LC director. It is also shown that the TP wavelength is a periodic function of the LC layer
thickness and refractive index, and two or more TPs can be obtained simultaneously in the
RF band gap region.
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Figure 10. Influence of the LC refractive index ;¢ on the reflection coefficient: n;c = 1.5 (1), 1.6 (2),
and 1.7 (3). (a) 1 THz region, and (b) 10 THz region [62].

Layers of nematic LCs are used to create holographic polymer-liquid crystal gratings
(HPLCGs). HPLCG has a form of periodically alternating polymer-rich and LC-rich layers
and can be used as a DBR. The recording of such holographic gratings by the interference
of two intersecting coherent laser beams in a light-sensitive mixture of monomer and LC is
carried out by various methods [64-69].

In papers [70,71], the excitation of OTSs in a hybrid structure containing a metal film
and a HPLCG is studied. Au and Ag were taken as the metals. The HPLCG contained
layers of LC 5CB or E7. It is shown that in such a hybrid structure, a narrow dip in the
reflection spectrum appears in the region of the grating band gap, which is associated with
the OTS formation. The spectral position of the reflection dip depends on the parameters
of the polymer and LC. The type of metal and its thickness affect the value of the OTS
reflection dip, but they do not affect its spectral position.

In Figure 11, the reflectance spectra of the hybrid structure with the Au film and
HPLCG containing LC 5CB (Figure 11a) and LC E7 (Figure 11b) are shown in the region
of the HPLCG band gap at different values of the LC director angle 0. It is seen that the
reflectance dip corresponding to the OTS in the Au-HPLCG structure appears in the band
gap for both LCs (5CB and 7E) used in the HPLCG. As the angle 6 increases, the OTS
dip spectral position shifts to the short wavelength side along with a shift in the HPLCG
band gap. This shift is due to a decrease in the HPLCG average refractive index and,
consequently, a decrease in the HPLCG Bragg wavelength associated with the HPLCG
band gap.

.

Vo
-

Figure 11. Reflectance spectra of the hybrid structures. (a) Au-HPLCG (5CB) and (b) Au-HPLCG (7E)
for different values of the LC director angle: (1) 6 = 7t/2, (2) /3, (3) /4, (4) /6, and (5) 7t/9. The
dashed line shows the position of the HPLCG band gap corresponding to the angle 8 [70].
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The same dependence on the LC director angle also occurs for the Ag-HPLC structure.
The obtained dependence of the OTS wavelength on the LC director orientation makes it
possible to control the spectral position of the reflection dip using an external electric or
magnetic field. In particular, it becomes possible to switch from OTSs in the band gap of the
four-layer HPLCG to OTSs in the band gap of the two-layer HPLCG, and vice versa [71].

The controllable switching behavior of OTSs based on nematic LCs is considered
in [13]. The heterostructure is composed of two one-dimensional photonic crystals without
a metallic film. The left photonic crystal is composed of isotropic dielectric layers A and B,
and the right photonic crystal is composed of nematic LCs and isotropic dielectric layers.

Figure 12 shows the transmission spectra of the left photonic crystal alone (curve
1), the right photonic crystal alone (curve 2), and the composed heterostructure (curve 3)
obtained using the Berreman transfer matrix method [72]. We can see that each photonic
crystal exhibits a band gap, the two band gaps overlap in the range from 1.896 to 2.093 eV,
and there exists a transmission peak at 2.004 eV within the overlapping band gaps. This
peak is due to the occurrence of OTSs at the interface of two photonic crystals.

Transmittance

19 20 21 22
Energy (eV)

Figure 12. The transmission spectra of the left photonic crystal alone, the right photonic crystal alone,
and the heterostructure are denoted by 1, 2, and 3, respectively [13].

By changing the external electric and magnetic fields or temperature, the orientation
of LC molecules can be modified to offer an effective way to control the OTS. Theoretical
analysis and numerical modeling show that, by choosing the appropriate parameters, it
is possible not only to change the frequency position of the OTS, but also to realize the
disappearance of the OTS.

In cholesteric liquid crystals (CLC), circularly polarized light incident along the CLC
helical axis undergoes a Bragg reflection if the circular polarization of light coincides with
the CLC helix, while light with the opposite circular polarization does not experience a
Bragg reflection [62]. This makes it possible to use CLC as Bragg mirrors in photonic
structures for exciting and studying OTS.

In [73], a structure comprising a left-handed cholesteric (LCLC), a right-handed
cholesteric (RCLC), and a metal film are proposed to excite OTSs (Figure 13). The LC
layers’ thicknesses are L = 2 pum, the helical pitch is p = 0.4 um, and the ordinary and
extraordinary refractive indices are n, = 1.4 and ne = 1.6, respectively. The metal layer was
made of silver, for which the real part of the permittivity is negative at the wavelengths of
the CLC band gap. The silver film thickness was dy, = 50 nm.
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Figure 13. Schematic of the structure consisting of two oppositely handed CLCs and a metal layer [73].

Figure 14 shows the calculated transmission spectrum for circularly polarized light. At
wavelengths of A = 557, 591, and 632 nm, transmission peaks corresponding to the localized
optical states are observed. At L =2 um, these wavelengths lie in the CLC band gap. As it
is seen from Figure 14, different polarizations of the waves passing through the CLC lead
to different transmittances. The transmission spectrum of the system can be controlled
by varying the angle between the directors at the boundary interface of the oppositely
handed cholesterics. As the CLC layer thickness is increased, the number of peaks grows.
Transmission peaks of circularly polarized light were obtained, which corresponds to the
appearance of several OTSs; this is similar to what is demonstrated in structures with a
multilayer Bragg mirror [74,75].
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Figure 14. Transmission spectrum of the structure for circular polarizations [73].

In [76], the occurrence of an OTS in a system consisting of a metal film and two CLC
layers with opposite directions of helical twist in the field of an incident linearly polarized
light wave is studied. In contrast to [73], both CLC layers are thick enough to ensure the
total reflection of waves with circular polarization coinciding with the CLC helix. Near
the CLC, there is also a dielectric matching layer. It is shown that in such a system, the
excitation of an OTS by linearly polarized light is possible. The influence of the CLC pitch,
refractive indices, thicknesses of the dielectric index-matching layer, and metal film on the
OTS manifestation in the reflection spectrum of the system is studied.

A series of theoretical works has recently proposed a new localized state of light,
the chiral OTS [77-82]. The chiral OTS exists at the interface between a polarization-
retaining anisotropic mirror (PPAM) and a CLC layer. To excite chiral OTSs, the metallic
film cannot be used as the conventional TP structures, because the isotropic metal changes
the polarization of light and the Bragg reflection of the CLC layer does not exist for some
polarizations. PPAM preserves not only the chirality sign, but also the ellipticity magnitude
upon reflection [83]. The simplest example of such a structure consists of alternating similar
uniaxial dielectric layers with orthogonal directions of the optical axes. A schematic of
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Incident

the structure for the excitation of a chiral CLC is shown in Figure 15. Chiral OTS can also
be excited in a structure with a quarter-wave plate between the metallic film and CLC
layer [78].
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Figure 15. Schematic of a chiral OTS structure composed of a CLC layer and a polarization-retaining
anisotropic mirror (PPAM) [82].

Field localization

The chiral OTS is manifested in the form of the resonances of polarized reflection and
transmission. The replacement of a solid photonic crystal substrate with the fluid CLC
in chiral OTSs makes the system tunable due to the ease of controlling the CLC layer by
external stimuli. This allows the proposed structure to be used not only for optical filters,
but also for sensor devices.

2.6. Excitation of Optical Tamm States in a Hybrid Structure with Porous DBR

Conventional DBR mirrors are constructed from dielectric or semiconductor materials.
However, semiconductor DBRs have a low refractive index contrast and typically a large
mismatch between layers [84]. Dielectric DBRs characteristically provide a high refractive
index contrast between the layers, but there may be complications integrating them into
semiconductor technologies due to epitaxial difficulties [85]. At the same time, nanoporous
GaN provides perfect lattice matching with refractive index contrasts as large as dielectric
DBRs [85,86], while the porosity of nanoporous GaN can be controlled through doping
conditions and electrochemical etching [87]. Therefore, nanoporous GaN has been proposed
as a DBR material for TP structures, and the first observation of a TP mode occurring
at the interface between nanoporous GaN DBR and a thin Ag layer has already been
demonstrated [88]. A narrow dip in the DBR reflectance spectrum in the experiment after
Ag deposition indicates the presence of a TP mode at ~454 nm. The wavelengths of the TP
mode are highly dependent on the thickness of the Ag layer and the properties of the DBR,
such as the porosity, number of pairs, and the environment inside the pores. The simulation
results show a shift in the position of the TP mode by ~4-7 nm when the refractive index
of the nanoporous layer changes from 1.0 to 1.3, indicating the possibility of using such
structures for optical sensing applications.

In [89], porous silicon is used as a material for the fabrication of a photonic crystal in a
Tamm structure. This nanomaterial is well suited for the fabrication of photonic crystals,
because multilayers can be easily created by periodically varying the current during pore
formation [90]. In such a structure, consisting of a Si photonic crystal coated with Au,
a dip in the measured reflectance in the visible part of the spectrum is observed, which
is associated with the excitation of TPs. To simulate the propagation of electromagnetic
waves in porous Si layers, the Bruggeman effective medium model [91] was used, since
the wavelength of visible light is at least an order of magnitude larger than the size of Si
pores [92]. The high sensitivity of the TP spectral parameters to changes in the refractive
index of the photonic crystal, determined by the porosity of Si, has been shown.
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3. Applications of Tamm Plasmons

As follows from the results of the studies discussed in Section 2, the spectral charac-
teristics of TPs are highly sensitive to most parameters of the hybrid structures in which
they arise. This makes structures with TPs very promising for the design of sensors, lasers
based on TPs, optical switches and filters, as well as selective thermal and light emitters.

3.1. Tamm Plasmon Resonance-Based Sensors

A scheme providing a potential way to realize refractive index sensing with a large
measuring range and high sensitivity is proposed in [93]. The structure is formed by
a Si/Si0O; alternate-layered DBR coated with Ag film. In the reflection spectrum of the
structure, a dip related to the formation of TP appears. It is shown that the wavelength and
reflectivity of this dip are sensitive to changes in the refractive index of the surrounding
medium.

An optical sensor based on TPs at the interface between a multilayer of porous SiO,
and TiO; and a gold film is proposed in [94]. The transmission spectra of the structure
reveal a narrow Tamm mode in the band gap of the DBR, the spectral position of which was
controlled by an exposure to various solvents, thereby demonstrating the sensitivity of the
device to changes in the refractive index. A TP based temperature sensor, which measures
the temperature up to 185 °C, is demonstrated in [95]. The geometry for supporting TP
modes is comprised of a one-dimensional DBR and a thin Ag layer. The DBR geometry
includes 10 bilayers of Ta,Os and SiO;, which have been deposited on a glass substrate.
In order to ascertain the temperature sensitivity of the configuration supporting a TP
mode, the fabricated DBR was housed in an oven which provides homogeneous and
isotropic heating to the “DBR + 30 nm Ag” film structure. The oven temperature could be
adjusted from room temperature to 190 °C with a resolution of £0.1 °C. Depending on the
temperature, the change in the reflectance spectrum of the Ag-DBR structure is shown in
Figure 16 for normal light incidence. It is observed that the reflectivity minimum depicting
TP-mode excitation decreases with an increasing oven temperature, resulting in a small
(£0.2 nm) shift in the resonant wavelength.
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Figure 16. Measured reflection spectrum of “DBR + 30 nm Ag film” at different temperatures [95].

The reflection dip in the DBR band gap due to TP-mode excitation undergoes a change
depending on the temperature. The measured temperature sensitivity of the structure is
7.8 x 107*/° and covers the temperature range from 35 to 185 °C. The mechanisms of the
influence of temperature on the TP spectral parameters are discussed. It is believed that
the efficiency and sensitivity of the structure can be improved by using a metal, such as
aluminum, which has a stronger temperature dependence of the refractive index.
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In [96], sensors based on the temperature displacement of the TP resonance in the
near-infrared region are presented. The high sensitivity of 1.10 nm /K is due to the refractive
index change conditioned by the pyroelectric effect in the lithium niobate material, which
is used as a one-dimensional photonic crystal. A polarization analysis of TP at the Ag-
TapO5/5i0; bilayer system interface has been investigated for temperature sensing in [97].
TP modes with different polarizations (TE and TM) are found to have different sensitivity
characteristics that can be used depending on the desired application. In [98], the planar
multilayered photonic-plasmonic structure is developed, which supports OTSs on the
interface between metal and dielectric materials. The coupling of incident light to the
OTS results in light absorption within one of several narrow frequency bands, which
is accompanied by a singular behavior of the phase of the electromagnetic field. It is
demonstrated theoretically and experimentally how such phase changes can improve the
accuracy of temperature measurements by more than an order of magnitude.

A sensor based on a coupled hybrid mode TP is proposed for the detection of different
blood group components in [99]. The appearance of OTS in a three-dimensional photonic
crystal of an inverse opal located on a flat metal substrate was demonstrated in [100], and
it was shown that this structure can be an attractive sensing tool.

3.2. Lasing and Amplification of Light in Hybrid Tamm Structures

Recently, lasing in TP-based structures have been demonstrated [101-104]. In these
lasers, the role of the resonant cavity of conventional lasers is performed by the TP mode
itself. This mode provides a stronger field confinement at the interface of the metal and
DBR, allowing the active layer to be thinner and achieve a lower operation threshold.
In [101], a TP-laser was realized using an InGaInAs quantum well, which was embedded
in a TP structure consisting of a Bragg reflector formed by a stack of 40 AlAs/Gag s Al s
As pairs with a 45 nm silver layer on the top. In the optical range, a superlinear increase
in emission was observed under the influence of pumping, indicating a laser effect. Laser
emission was experimentally demonstrated in [102] for Tamm structures with TP modes
confined under metallic microdisks. The polarized and spatially localized emission of a
Tamm laser from an anisotropic three-dimensional confinement of TP modes at the interface
between DBR and a silver film is obtained in [103]. The spatial confinement is achieved by
patterning microrectangles in the top metallic layer. In result, the fundamental confined
Tamm mode splits into two modes, which are orthogonally polarized along the two sides
of the structure. This weak splitting allows for the existence of a highly linearly polarized
laser emission at ~850 nm. The ZnO-based TP ultraviolet laser is realized in [104]. TP
lasing at a wavelength of 373 nm is observed under optical pumping. Relevant lasing
characteristics such as the threshold energy, linewidth, and angular dispersion curve are
established and verified.

In addition to quantum walls, quantum dots are also introduced into TP struc-
tures [105]. In this case, the emission of single photons from the quantum dots is coupled
to the confined TP mode, such that the spontaneous emission in the system is enhanced.
The possibility of controlling laser generation in a hybrid structure consisting of a Ag layer,
a layer of a nematic LC doped with a light-absorbing dye, and a DBR with a rectangular
refractive index profile is modeled in [106]. In [107], the efficiency of a third harmonic
generation was studied in the metal /dielectric/photonic crystal multilayer structure. It is
shown that the third harmonic signal can be amplified by a factor of 16 by introducing a
monolayer of WS, into a dielectric spacer, which makes it possible to improve the nonlinear
optical response in multilayer photonic microstructures.
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3.3. Selective Thermal Emitters by Confined Tamm Plasmons

In a metal-DBR structure, TPs can be thermally excited and then produce strong
thermal radiation at the resonant wavelength. An ultra-sharp emission peak in the mid-IR
region was obtained in [108] for a TP structure, which comprises a DBR, consisting of Si
and SiO; layers, and an adjacent Al film. Figure 17a shows the measured reflectance in
the case of TP with the wavelength 4 um, which has a dip value of <0.2 and a bandwidth
of 110 nm. The measured emissivity spectrum using a heating current from 0.6 to 0.85 A
(temperature ranging from ~115 to ~270 °C) is shown in Figure 17b. As the heating current
increased, the emissivity peak shifted to the red by ~60 nm.
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Figure 17. TP in the AI-DBR (Si/SiO,) structure near a wavelength of 4 um: (a) measured reflectance
spectrum at room temperature, and (b) emissivity spectra where the heating current varies from 0.6
to 0.85 A [108].

High-intensity and narrowband thermal emission is demonstrated in [109] for a TP
structure consisting of a DBR having a thick layer adjacent to the metallic film. A wide
range of emission wavelengths (from 4.4 to 5.7 um) is experimentally realized by adjusting
the last DBR-layer thickness. The tunability of the thermal emission by only changing the
DBR band gap was experimentally achieved in [110]. Various designs and modifications of
TP selective thermal emitters have been proposed and discussed in [111-114].

3.4. Perfect Absorber Supported by Optical Tamm States

A significant number of works consider structures with TPs as the basis for obtaining
perfect absorbers of electromagnetic radiation at selected wavelengths. Ref. [115] theoreti-
cally and experimentally investigated the perfect optical absorptance (in the visible region)
of a photonic heterostructure constructed from a TiO,/SiO, photonic crystal and a thick
Ag film. Based on the measured experimental results, the three experimental structures
achieved over 90% absorption at wavelengths of 489 nm, 604 nm, and 675 nm. Single and
multiple bands near-perfect absorption were also realized in a similar TP structure, but
with a thin Cu film [116].

An absorber based on a two-dimensional plasmonic metal-dielectric-metal waveguide
is proposed in [117]. An air core is sandwiched by upper and lower semi-infinite metallic
claddings, and a thin metallic layer followed by a dielectric photonic crystal is inserted in it
(Figure 18). A photonic crystal consists of N periodically changing dielectric layers A and
B. When a TM-polarized light wave is incident on the waveguide, as shown in Figure 18,
a dip appears in the reflection spectrum in the form of zero reflection at a wavelength of
1550 nm. This dip arises due to the excitation of the OTS at the boundary between the thin
metallic layer and the photonic crystal, and is spectrally located in the band gap of the
photonic crystal. Since the OTS occurs in the band gap, the reflection dip can be tuned by
varying the band gap.
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Figure 18. Scheme of the proposed near-perfect absorber: in the air core of a two-dimensional
metal-dielectric-metal waveguide there is a photonic crystal with N periodically varying dielectric
layers A (TiO;) and B (PSiO;) adjacent to a thin metal layer [117].

An effective method for achieving perfect absorption can be obtained by using a
system “graphene—one-dimensional DBR” [118]. The DBR is composed of two kinds of
media layers, poly 4-methyl pentene-1 and SiO,. Due to the metallic properties of graphene,
the OTS appears in this structure in the THz range. When a layer of graphene is placed on
the top of the structure, the absorption peak appears at 0.956 THz and almost reaches 100%
with the full width at half-maximum about 0.025 THz. In the structure, which consists of
an ultrathin metal film coated on DBR and a graphene sheet in a silica spacer, strong TP
confinement increases the light absorption in a monoatomic graphene layer by more than
30 times [119].

3.5. Applications of Tamm Plasmon-Liquid Crystal Devices

The theoretical works discussed in Section 2 show the possibility of obtaining TPs
in hybrid systems containing LCs, and also establish a dependence of the TP spectral
parameters on the LC parameters. The obtained dependencies create a theoretical basis for
the use of LCs as an active element in TP devices.

In [120], the design of an LC-active TP device with a controlled LC phase and layer
thickness was demonstrated to study the influence of LC parameters on the optical charac-
teristics of the TP. The tunable TP device contains a thin nematic LC layer between a metal
film and a photonic crystal (Figure 19).

I Au film I
500200500500 7%00%2 1.C
Pk PEL IS LI ’

PZT [Thermoelectric]
Tube device

Figure 19. Scheme of an LC-active TP device with both a controllable LC phase and layer thickness

=il

by using a thermoelectric device and piezoelectric tube (PZT), respectively [120].

Figure 20 illustrates the measured reflectance spectrum of the TP device under two
different phases of LC 5CB, nematic and isotropic (ne ~ 1.68, n, ~ 1.53 at T ~ 30 °C and
A =633 nm, nis ~ 1.58, T ~ 35 °C [121]).
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Figure 20. Reflectance spectra of TP device with an LC layer switched between the nematic (T ~
30 °C) and isotropic (T ~ 35 °C) phases [120].

The spectral position of the reflection dip caused by the TP (Arp) can be also controlled
by changing the LC layer thickness manually or electrically by piezoelectric (PZT) tubes. In
[122], three different thicknesses of the LC layer were studied, corresponding to three Atp,
if the LC is in the isotropic phase. It was found that the change of the LC layer thickness
by about 140 nm produces a resonance shift of up to 91 nm, depending on the initial LC
layer thickness and LC refractive index. The effect of the nematic LC layer thickness on
the reflectance of the TP structure, if Atp is in the THz region, was studied in [62] (see
Figure 21).
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Figure 21. Influence of the nematic LC thickness d on the reflection coefficient of the TP structure in
THz region: d(um) =1 (1), 5 (2), 15 (3) [62].

As mentioned above, TP-based devices can gain controllability from LC materials.
However, TP devices with LC can be used for studying the anisotropy of solid films,
such as alignment films in LC devices (LCDs). Anisotropy of a thin film can be created
by a wide variety of methods. For conventional LCDs, the LC molecules are anchored
on an anisotropic polyimide (PI) alignment film with a specific orientation and pretilt
angle. The rubbing process on the PI film is adopted in the LCDs industry and it causes
the physic-chemical anisotropy of the PI film with birefringence An in the azimuthal
direction [123,124]. The inspection of the rubbing-induced anisotropy axis is crucial, which
influences the performance of the LCDs. Inspecting the rubbing-induced anisotropy axis
of PI film with a resolution better than 0.1 degree in the azimuthal angle is demanded
for many LCDs end products. In [120,125], the lab-scale apparatus is demonstrated for
measuring reflectance spectra of the TP device that allows one to determine the anisotropy
axis of thin PI film (Figure 22).
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Figure 22. Apparatus for measuring reflectance spectra of the TP devices [125].

The reflectance spectra of the TP device at different azimuthal angles are measured
by a spectrometer via the optical microscope. A white light source illuminates the TP
sample from the metal side. An aluminum mirror is used for the reflectance reference. The
polarization direction of the incident light through the optical microscope is controlled by
rotating the polarizer for measuring the TP wavelength Atp at different azimuthal angles ¢.

A thin silverfilm~40 nm is deposited on the rubbed PI film. The polarization direction
of the incident light through the optical microscope is rotated every 18 degrees to obtain
the reflection spectra of TP devices at different ¢. The TP can be generated by TE or TM
waves, so it is easy to create the TP at various ¢ by rotating the incident polarizer. The
experimental results of reflectance spectra at different incident polarization directions ¢
are shown in Figure 23.
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Figure 23. The experimental results of reflectance spectra of the TPP device for different incident
polarization directions ¢ [120].

The initial azimuthal angle ¢ = 0 degree can be arbitrarily chosen, and it is assigned
as the rubbing direction in Figure 23. The experimental results of resonance Atp at different
¢ are summarized in Figure 24, and it shows that the Arp changes with the incident
polarization direction. The created TP resonance Atp is corresponding to the refractive
index of PI film at the specific @. It has been shown that the rubbing process on PI films can
create an anisotropy axis and produce the birefringence An; therefore, the Atp is dependent
on . For PI materials, the anisotropy axis is parallel to the rubbing direction, and it turns
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out to be the alignment direction of the LC molecules on the PI film, called the easy axis.
The anisotropy axis is easily identified as ¢ ~ 0 or ¢ ~ 180 degrees, as shown in Figure 24.

Using the present scheme, the resolution in azimuthal angle 6 for determining the
anisotropy axis can be estimated as 0.1. The resolution d¢ can be further improved by
fine-rotating the polarizer several times around the anisotropy axis for improving the
signal-to-noise ratio, or using a spectrometer with a higher accuracy than 0.01 nm.

Ref. [125] used a TP-resonant device shown in Figure 22 to study reflectance spectra
of a sample comprising an LC layer located between a copper film and a TiO, /S5iO, DBR
(see Figure 25).
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Figure 24. The experimental results of resonance Atp for different incident polarization directions
@ [120].

X N-1 Pairs

Figure 25. A sample comprising an LC layer sandwiched between a Au-covered glass and a
TiO,/SiO, DBR.

The DBR comprises eight paired layers of TiO, and SiO, deposited on a B270 glass
substrate. The thickness of the TiO, top layer is about 205 nm. This layer undergoes buffing
with a nylon cloth to achieve a homogeneous alignment of LC molecules. A thin gold
film is applied to a depth of approximately 30 nm on a glass substrate using a thermal
evaporator. The Au-coated substrate and the DBR are then assembled with a small gap
between them to form a tunable TP device. In each run of the experiment, the width of the
gap is varied, with the aim of optimizing the measured resonance wavelengths. The gap is
then filled with LC molecules (5CB, ne ~ 1.68, ng ~ 1.53 at T ~ 30 °C, njso ~ 1.58, T ~35 °C).

The resonance wavelength of the TP device is tuned by changing the phase of the
5CB LC between the nematic phase and the isotropic phase. It is realized by changing the
temperature of 5CB LC via a thermoelectric device attached to the bottom of the TP device.
The voltage control of the thermoelectric device makes it possible to switch the LC layer in
the TP device between the nematic phase (approximately 30 °C) and the isotropic phase
(about 36 °C)
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Figure 26 presents polarization-dependent measurements of the TP device, where the
LC layer is operated in nematic phase and the cell gap is set at approximately 180 nm. The
resonance wavelengths are 651.4 and 667.6 nm when the LC director angle values 6 are 90°
and 0°, respectively. Therefore, the TP resonance can be tuned from 668 to 651 nm simply
by rotating the LC molecules from 0° to 90°.
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Figure 26. Reflectance spectra of the TP devices measured at three angles 6, where the LC layer is in
the nematic phase.

The TP resonance wavelength can be tuned by changing the phase of the LC or by
changing the LC gap. Figure 27 shows two resonance wavelengths related to two different
LC gaps.

Recently, it was experimentally shown that TPs in the near-IR range can be excited at
the interface between a DBR and a nanopatterned metal film acting as a non-diffracting
optical metasurface [126]. The pattern of a square array of 500 nm Ag disks with the period
of 600 nm is fabricated by a focused ion beam (see Figure 28).

The metasurface, due to its discrete structure, provided closer external access to the
spatially limited weak fields of the Tamm plasmon. Placing a dielectric such as E7 LC
(birefringence = 0.23) in direct contact with the outside of the metasurface resulted in a
red shift of the TP wavelength by as much as 35 nm, while there was no spectral shift
upon LC deposition onto a continuous metallic film. In addition, the TP wavelength can be
tuned within a 10 nm range by changing the LC refractive index above the metasurface
with an externally applied electric field. One can improve the efficiency of the tuning by
employing LCs with a higher optical birefringence (some of the currently available LCs
exhibit birefringence as high as 0.4-0.8 [127,128]). The demonstrated ability to control the
spectral location of TPs opens a feasible path to exploiting this resonant optical state for
optical switching, the enhancement of optical non-linearity, lasing, and light emission.
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Figure 27. Reflectance spectra of the TP devices at two different LC gaps, wherein the LC layer is in
the isotropic phase.
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Figure 28. Design of a TP at the interface with a metasurface [123]. (A) Schematic of the structure
used in experiments. The white arrow indicates the direction of rubbing, which controlled the LC
alignment in the cell. (B) Scanning electron micrograph of a fragment of the metasurface fabricated on
top of a DBR. (C) Experimental reflectivity spectra of the DBR acquired while it was in a pristine state
(blue), after it was interfaced with a 37 nm-thick continuous Ag film (black), and after the Ag film
was nanopatterned to become a metasurface (red). (D) Calculated spectra of the continuous Ag film
and metasurface. Solid curves show the reflectivity of the film (black) and metasurface (red) placed
atop a Bragg mirror, while dashed curves show the transmission of the film (black) and metasurface
(red) residing on a niobium pentoxide substrate.
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Abstract: The experimental IR spectra of (S)-4'-(1-methylheptyloxycarbonyl) biphenyl-4-yl 4-[2-
(2,2,3,3,4,4,4-heptafluorobutoxy) ethyl-1-oxy]-2-fluorobenzoate in the crystal phase are analyzed
with the help of dispersion-corrected density functional theory (DFT+D3) calculations for isolated
molecular monomer and dimer models, and a periodic model computed at the extended density
functional tight-binding (xTB) level of theory. It is found that the frequency scaling coefficients
obtained with the results of the molecular calculations are good matches for the crystal phase, being
close to 1. The molecular and periodic models both confirm that varied intra- and intermolecular
interactions are crucial in order to reproduce the broadened shape of the experimental band related
to C=0 stretching; the key factors are the conjugation of the ester groups with the aromatic rings and
the varied intermolecular chemical environments, wherein the C=0O group that bridges the biphenyl
and F-substituted phenyl groups seems particularly sensitive. The C=0 stretching vibrations are
investigated as a function of temperature, covering the range of the crystal, smectic C5*, smectic
C* and isotropic liquid phases. The structure changes are followed based on the X-ray diffraction
patterns collected in the same temperatures as the IR spectra. The experimental and computational
results taken together indicate that the amount of weak C=0...H-C hydrogen bonds between the
molecules in the smectic layers decreases with increasing temperature.

Keywords: smectic liquid crystal; FT-IR spectroscopy; DFT calculations; scaling coefficient;
Fourier transform

1. Introduction

Theoretical infra-red (IR) spectra simulated for isolated molecules by density func-
tional theory (DFT) calculations are usually in agreement with the experimental spectra
to the extent that enables the assignment of the observed absorption bands to intramolec-
ular vibrations [1-6]. This is especially beneficial for liquid crystals, whose molecules
consist of numerous atoms and consequently usually require a long computing time.
On the other hand, the introduction of more molecules into calculations, by using
dimers, trimers or periodic boundary conditions, provides the opportunity to include
the effect of intermolecular interactions [5-7]. This paper presents the detailed analy-
sis of the IR spectra of smectogenic (S)-4’-(1-methylheptyloxycarbonyl) biphenyl-4-yl
4-[2-(2,2,3,3,4,4 4-heptafluorobutoxy)ethyl-1-oxy]-2-fluorobenzoate [8-10], denoted as
3F2HPhF6 (Figure 1). On heating in the crystal phase, 3F2HPhF6 undergoes phase
transitions in the sequence of Cr (325.7 K) SmCxp* (364.5 K) SmC* (372.3 K) Iso [10].
The Cr and Iso notations correspond to the crystal and isotropic liquid phases, while
SmCp* and SmC* denote the chiral tilted smectic phases: antiferroelectric smectic Cp*
and ferroelectric smectic C*. The tilt angle in the SmCx* phase of 3F2HPhF6 and similar

Crystals 2024, 14, 645. https:/ /doi.org/10.3390/ cryst14070645 91

https:/ /www.mdpi.com/journal/crystals



Crystals 2024, 14, 645

compounds with a partially fluorinated terminal chain takes values close to 45°; there-
fore, they are investigated as components of the orthoconic liquid crystalline mixtures
to be applied in displays [8,11-14]. The experimental IR spectra of this compound had
been previously reported only for the solution in CCly and in the crystal phase in room
temperature, and the full band assignment had not been performed [9,10]. Herein, the
band assignment is based on the DFT+D3/BLYP-def2SVP calculations, performed for
an isolated molecule in two different conformations, and, to include the intermolecular
interactions, for head-to-head and head-to-tail dimers (Figure 1). The DFT molecular
models are complemented with explicitly periodic models of an idealized tilted smectic
phase at the extended density functional tight-binding (xTB) level of theory, primarily
to obtain insight into how the intermolecular interactions of the crystal environment
may broaden the C=O band shape. The temperature dependence of selected absorption
bands is discussed. The interpretation of the IR spectra is supported by the X-ray diffrac-
tion (XRD) measurements, which enable the observation of the structural changes with
temperature [15-18].

syn anti

Figure 1. 3F2HPhF6 molecule in the syn and anti conformations, and two types of dimers consisting
of molecules in the anti conformations, optimized with DFT+D3/BLYP-def2SVP. The symbols of
atoms, given for the syn conformation, apply also for other models.

2. Materials and Methods

The mesogenic compound (S)-4'-(1-methylheptyloxycarbonyl) biphenyl-4-yl 4-[2-
(2,2,3,3,4,4,4-heptafluorobutoxy) ethyl-1-oxy]-2-fluorobenzoate was synthesized according
to the general method presented in [10,19].

The experimental IR spectra for the 3F2HPhF6/KBr tablet were measured upon heat-
ing at 273-393 K in the wavenumber range of 4804000 cm ™! with a resolution of 2 cm !
using the Bruker VERTEX 70v vacuum spectrometer (Bruker, Billerica, MA, USA) equipped
with an Advanced Research System DE-202A cryostat and ARS-2HW water-cooled helium
compressor (ARS, Macungie, PA, USA).

The simulated IR spectra were calculated with the DFT method in Gaussian09 [20]
using the def2SVP basis set [21] and the BLYP exchange-correlation functional [22,23]
with Grimme’s semi-empirical dispersion corrections and Becke-Johnson damping [24,
25]. The calculations were performed for an isolated molecule (a hockey-stick-shaped
model, introduced in [7]) in two conformations differing in the position of the F atom
(Figure 1). In the syn conformation, the F atom and a neighboring C=0O group are
on the same side of the benzene ring, while in the anti conformation they are on the
opposite sides. Additionally, the IR spectra were calculated for two dimers consisting
of molecules in the anti conformation, arranged in the head-to-head and head-to-tail
manner. The molecular models were visualized in Avogadro [26]. The IR data were
analyzed in OriginPro.

The periodic lattice was built by initially placing the molecules (in the more stable anti
conformation) on a hexagonal lattice with 6 A spacings between neighboring molecules
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(the rigid core was initially aligned to be perpendicular to this hexagonal lattice), and then
rotating the rigid core by 45° towards the plane of the lattice; the resulting models loosely
represent idealized layers of a tilted smectic phase. Finally, a supercell, with cell vectors
a and b, was constructed from the primitive hexagonal lattice vectors, u and v, via the
following cell transformation: a = lu — 2v and b = 3u + 1v; this generated a simulation cell
with seven molecules and ensured that no molecules were in direct contact with their own
mirror images. It also created a model with intermolecular nearest-neighbor interactions
that consisted exclusively of head-to-head relative orientations; such a setup most easily
allowed us to create a close-packed distribution of 3F2HPhF6 molecules. The geometry
optimizations and molecular dynamics simulations were run with the DFTB module of the
Amsterdam Modelling Suite (AMS) [27], version 2023.1, and all simulations sampled only
the gamma k-point and used the GFN1-xTB method [28]. After being equilibrated with
NVE (constant particle number, volume and energy) and NVT (constant particle number,
volume and temperature) simulations with the Berendsen thermostat, the final molecular
dynamics simulations were performed at 250 K with the default Nose-Hoover thermostat
that is implemented in the AMS program (the oscillatory period of the thermostat was set
to 400 fs). To assess the dynamic contributions to the C=0O vibrational band shape, the
discrete Fourier transform was applied to the time evolution of each C=0 distance in the
molecular dynamics simulations, similar in spirit to what has been described before in the
literature [29,30]. The production run lasted 6 ps, resulting in a frequency resolution of
~8 cm ! after the discrete Fourier transforms were applied.

The XRD patterns of the flat sample of 3F2HPhF6 were collected upon heating at
273-393 K in the angular 20 range of 2-30° using the Bragg-Brentano geometry. The
measurements were performed with CuKo radiation (A = 1.5406 A) with an X’Pert PRO
(PANalytical, Malvern, UK) diffractometer with a TTK-450 (AntonPaar, Graz, Austria)
temperature stage. The XRD results were analyzed in WinPLOTR 7.20 Oct2019 [31] and
OriginPro 2020b.

3. Results and Discussion
3.1. Band Assignment

The simulated IR spectra, calculated with DFT+D3/BLYP-def2SVP, and the experi-
mental IR spectrum of the 3F2HPhF6 compound in the crystal phase, measured at 253 K,
are compared in Figure 2. The particular parts of the 3F2HPhF6 molecule are denoted
by letters (a—j), as shown in Figure 3, and the detailed band assignments based on the
simulated spectra are gathered in Tables 1-3. The notations of the vibrational motions in
the tables are as follows: 3—in-plane deformations of the aromatic ring, y—out-of-plane
deformations of the aromatic ring, d—scissoring, v—stretching, p—rocking, T—twisting,
w—wagging. The absorption bands in the wavenumber range of 500-1000 cm ™! are
assigned to the in-plane and out-of-plane deformations of the aromatic rings, scissoring
vibrations in the terminal chains, wagging of the CF, and CH, groups, and twisting
of the CH; groups. Most of the bands in the 1000-1400 cm~! range originate from the
in-plane deformations of the aromatic rings, wagging and twisting of the CH, groups
and stretching of the C-C and C-O bonds in the terminal chains and in the spacer be-
tween the benzene ring and biphenyl. There are also bands assigned to the CH, rocking
and C-F stretching. The 1400-1650 cm~! range contains bands attributed to the in-plane
deformations of the benzene rings and CH; wagging and scissoring. Three absorption
bands between 1650 and 1750 cm ™! are related to the stretching of two double C=0O
bonds. The bands with the wavenumbers of 2800-3000 cm ™! originate from the C-H
stretching vibrations in the terminal chains.

There are four differences between the DFT+D3/BLYP-def2SVP simulated spectra for
the isolated molecule in the syn and anti conformations, which are the most significant:

(1) The proximity of the F atom and C=O group in the syn conformation leads to
the strengthening and shifting of the band related to the in-plane deformations of the
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aromatic rings and C-C and C-O stretching in the non-chiral chain to lower wavenumbers:
1008.8 cm ™! (syn) and 1013.5 cm ™! (anti).

(2) The location of the strongest absorption band is different for each conformation.
For syn, it is the band at 1197.3 cm ™, related to the in-plane deformations of the aromatic
rings and C-C and C-O stretching in the spacer between the benzene and biphenyl part.
For anti, the strongest band is at 1247.6 cm ! and has the same origin as for syn, in addition
of the C—C and C-O stretching of the bonds between the biphenyl part and the chiral center,
as well as the CH, twisting in the chiral chain.

(8) The simulated spectrum of syn contains a strong band at 1365.6 cm™" arising
from the in-plane deformation of the fluorinated benzene ring and CH, wagging in the
non-chiral chain, which is absent for anti.

(4) The bands related to the C=0 stretching are strongly split for syn and located
at 1719.1 em~! and 1756.5 cm ! for C=0 groups in the molecular core and close to the
chiral center, respectively. Meanwhile, for anti, these bands are close to each other, at
1718.5 cm~! and 1719.9 cm ™!, and each of them is related to the stretching of both C=0
groups, anti-phase at a lower wavenumber and in-phase at a higher wavenumber.

To make an assignment for the experimental absorption bands purely from the results
of the isolated molecule, it is necessary to consider the results for both the syn and anti
conformations. This is especially visible for the C=0O stretching bands: the experimental
spectra contain three such bands, while the calculations for the isolated molecule presume
only two bands in this region; this matter was discussed also in [9]. Meanwhile, the
simulated spectra for the dimers enable the full assignment of the experimental IR spectrum.
Namely, there are four C=0 vibrations predicted for each dimer. For the head-to-head
model, the positions of the bands are close to the ones obtained for the isolated molecule in
the syn conformation. For the head-to-tail model, the splitting of the C=0O stretching bands
is also visible but their wavenumbers are shifted towards lower values than those of other
models (Figure 2). Noteworthy, the splitting of the C=O stretching bands in the dimers
is not caused by the proximity of the C=O group in the molecular core and the F atom
substituted in the benzene ring, as it is for the syn model. In both dimers, the F atoms from
one molecule are not in close contact with the C=0O group from the neighboring molecule.
The closest F-O contact, where O belongs to the C=O group, is 2.7 A in the syn model and
42 A in the anti model. In the head-to-head dimer, the closest F-O contact is also 4.2 A,
between atoms within the same molecule, and the closest F-O contact between atoms from
different molecules is slightly larger, at 4.5 A. For the head-to-tail dimer, the closest F-O
contact is between atoms from different molecules and equals 3.8 A. In this last case, the
F atom is located in the terminal chain, not in the aromatic core. This indicates that the
splitting of the C=0 stretching bands does not have to be caused only by the proximity of
the C=0 group and F atom, as the interactions with other neighboring atoms may have a
similar effect.

Figure 4 shows the plots of the experimental vs. calculated wavenumbers with the
linear fits performed with an intercept fixed to zero to determine the scaling factor, equal to
the slope of the fitted line [32], that can thus be used to assess the quality of a reproduction
of the measured frequencies by the computations. The scaling factor 0.994(2) is close to
1 for results for the isolated molecule in both conformations, taken as one dataset. For
the dimers, the scaling factor is 0.998(3) and 0.996(3) for the head-to-head and head-to-tail
model, respectively. For all the linear fits, the coefficient of determination R2, defined
according to [33], is also close to 1, which indicates good agreement with the assumed
linear dependence. The linear fits performed in the ranges of <1000 cm~?, 1000-2000 cm ™1,
and >2000 cm ™! show that the calculated peak positions are mainly underestimated below
2000 cm~! and overestimated above 2000 cm ™! (Table 4).
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Figure 2. IR spectrum of 3F2HPhF6 measured in the crystal phase in 253 K, compared with simulated
IR spectra for the isolated molecule in syn and anti conformations, and for two dimers.
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Figure 3. Notation of parts of the 3F2HPhF6 molecule used in assignment of IR absorption bands.

Table 1. Band assignments of the IR spectrum measured for 3F2HPhF6 in the crystal phase at
253 K (exp), based on DFT+D3/BLYP-def2SVP calculations for the isolated molecule in anti and syn
conformations (calc). The wavenumbers are given in cm~L. See the text for the notations of the

vibrational motions.

exp calc, syn calc, anti Description

511 497.3 496.2 dCCC(j)

542 539.7 540.8 8CFs(a), SCOC(b,c), BasymPh(d)
554 552.5 554.7 YPh(f,g)

622 607.9 BasymPh(d,f,g)

630 610.4 BasymPh(d.f,g)

643 627.5 628.2 YPh(d)™™, BasymPh(d)™™, BasymPh(£,g)
653 640.7 641.1 5CFs(a), 5SCOC(b,¢), BasymPh(f,g)
664 651.1 BasymPh(d.f,g)

681 654.2 BasymPh(d.f,g)

702 664.1 662.2 YPh(d)

725 693.2 693.3 YPh(f,g)

736 711.0 7111 wCF>(a), 5CCO(a,b), Basym(d)
760 770.5 772.3 YPh(f,g)

774 780.5 781.3 wCF;(a), vCC(a,b), 53CCO(a,b)
816 800.5 YPh(d,f,g)

835 839.5 TCHj(c), YPh(d)

854 841.5 841.6 YPh(f,g), TC*HCH3(i), TCH;(j)
880 846.1 849.5 YPh(f,g)*Y", yPh(d)*"t

914 890.3 890.1 wCF3(a), vsymCCO(a,b), wCH;(b)
926 903.5 902.9 VasymOC*C(h/ij)

962 939.5 939.6 TCHj(b)

987 992.0 991.6 Basym(f,g)
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Table 1. Cont.

exp calc, syn calc, anti Description
1008 1008.8 1013.5 VsymCOC(b,€), VsymCCO(C), BasymPh(d,g), BsymPh(H)?™, BasymPh(H)?t
1020 1024.3 1028.8 VeymCOC(b,0), VasymCCO(c), BasymPh(d f,g)
1052 1046.8 1046.8 WC*HCH3(i), wCH,(j)
1103 1087.8 1087.8 BasymPh(g), VasymCOC*(h,i), wCH,())
1116 1106.5 1117.1 BasymPh(d)
1146 1123.4 11235 VasymCF2(a), pCHy(c)
1164 1141.7 BsymPh(f)
1173 1147.4 1147.7 5CCC(a,b), YasymCOC(b,c), BsymPh(f)
1185 1157.2 1157.1 BsymPh(g), pPCHa(j)
1208 1176.4 VasymCOC(c,d), PasymPh(d)
1228 1196.2 1196.1 VasymCCC(arb)r TCHZ(brC)/ BasymPh(d/f)Syn
1197.3 1200.2 BasymPh(d,f), VasymCCO(d,e), VasymCOC(e,f)
1269 1222.8 BasymPh(d,f), VasymCCO(d,), VasymCOC(e,f)
1285 1247.6 Basym(d/frg)r VasymCCO(dfe)/ Vasymcco(grh)r TCHZ(j)
1292 1249.9 Basym(8), YasymCCO(g,h), TCHa(j)
1311 1281.5 1291.3 wCHa(b,c), BasymPh(d,f,8)
1347 1334.9 1335.2 wCHy ()
1356 1349.6 WCHy(b,c), BasymPh(d)
1389 1365.6 wWCHy(b,¢), BasymPh(d)
1400 1398.0 1398.3 BasymPh(f,g)
1439 1427.5 5CHa(b), wCH,(c), BasymPh(d)
1461 1437.7 SCHy (b,c), BasymPh(d)
1468 1456.9 1458.3 SCHy (b,c), BasymPh(d)
1495 1478.9 1475.8 BasymPh(f,g)
1507 1490.7 1487.6 8CHy(c), BasymPh(d)
1523 1504.4 1502.5 BasymPh(f,g)
1581 1562.2 1555.9 BasymPh(d)
1611 1596.4 1596.6 BsymPh(f,g)
1625 1613.7 1615.6 BsymPh(d,f)
1700 1719.1 1718.5 vC=0(h)*", anti-phase vC=0(e,h)"*
1722 1719.9 in-phase vC=0O(e,h)
1737 1756.5 vC=0(e)
2861 2937.6 2938.0 VsymCHa(c)
2938.0 2938.1 VsymCHa(j)
2878 2945.2 2945.9 VsymCH3(j)
2948.1 2948.2 VCH(I), VsymCH2(j), VasymCH2(j)
2936 3001.7 3001.9 VeymCHa (1), VC*H(i), Vasym CHa(j)
2960 3016.8 3016.8 VasymCHz(j)
2976 3024.7 3024.7 VasymCH3(j)

Table 2. Band assignments of the IR spectrum measured for 3F2HPhF6 in the crystal phase at 253 K
(exp), based on DFT+D3/BLYP-def2SVP calculations for the head-to-head dimer of molecules in the
anti conformations (calc). The wavenumbers are given in cm L. See the text for the notations of the
vibrational motions.

exp calc Description

511 505.8 YPh(f,g)

542 541.8 BasymPh(d)

554 554.7 BasymPh(d)

622 588.0 BasymPh(d)

630 609.5 YPh(d,f)

643 621.0 YPh(d), BasymPh(f,g)
653 640.0 BasymPh(f,g)

664 649.5 YPh(d,f), BasymPh(g)
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Table 2. Cont.

exp calc Description
681 657.0 BasymPh(d.f,g)
660.4 YPh(d)
702 668.5 yPh(d)
693.6 YPh(f,g)
725 695.4 YPh(f,g)
736 709.8 wCF,(a), 5CCO(a,b)
711.4 wCFy(a), 5CCO(a,b)
760 767.9 YPh(f,g)
- 776.5 wCFy(a), vCC(a,b), 5CCO(a,b)
777.0 wCF,(a), vCC(a,b), 5CCO(a,b)
816 819.2 TCH,(c), YPh(d)
835 839.2 TCH,(c), YPh(d)
854 852.9 YPh(f,g)
880 854.2 YPh(f,g)
914 887.6 wCF,(a), vsymCCO(a,b), wCH;(b)
891.0 wCF,(a), vsymCCO(a,b), wCH;(b)
96 892.5 VasymOC*C(h,1,j)
903.5 VasymOC*C(h,1j)
962 935.8 TCH,(b)
987 995.5 Basym(f,g)
1008 1002.5 VeymCOC(b,¢), Veym CCO(c), BasymPh(d,f)
1007.7 VeymCOC(b,0), VeymCCO(C), BasymPh(d)
1020 1029.1 VsymCOC(b,€), VasymCCO(C), BasymPh(d,f,g)
1052 1050.6 wC*HCH3 (i), wCH,(j)
1103 1090.3 BasymPh(g), Vasym COC*(h,i)
1116 1115.7 BasymPh(d)
1146 1120.7 VasymCFa (a), VasymCOC(b/C)/ pCHa(c)
1164 1147.8 8CCC(a,b), YasymCOC(b,c), BsymPh(f)
1173 1154.4 VasymCOC(c,d), BasymPh(d), BsymPh(f)
1185 1163.7 BsymPh(g)
1168.4 VasymCCO(Q), VasymCOC(c,d), BasymPh(d), BsymPh(f,g)
1208 1188.0 VasymCF2(a), TCHy(c)
1228 1197.6 vasymCCC(a,b), TCHj(b,c)
1198.7 TCH)(0), BasymPh(d,f), VasymCOC(e,f)
1269 1215.7 BasymPh(d/f)r Vasymcco(d/e)
1224.1 BasymPh(d,f), VasymCCO(d,e)
1285 1241.8 VasymCFS(a), VsymCFZ(a)/ vCC(a), TCHy(b,c)
1243.7 BasymPh(d,£,8), VasymCCO(g,h), TC*HCHj(i)
1292 1251.5 TCHy(b,), Basym(d.£,8), VasymCCO(d,e), YasymCCO(g,h), TC*HCH; (i)
1311 1288.2 wCHy(b,c), BasymPh(d)
1347 1344.2 BasymPh(f,g), wCHy(i), wC*HCH;(j)
1356 1350.7 wCHa(b,c), BasymPh(d)
1389 1365.6 wCHa(b,c), PasymPh(d)
1400 1398.1 BasymPh(f,g)
1439 1430.6 §CHy(b), wCH;(c), BasymPh(d)
1461 1437.0 SCHy(b,€), BasymPh(d)
1468 1464.4 SCHy(b,€), BasymPh(d)
1495 1481.3 BasymPh(f,g)
1507 1491.1 §CHy(c), BasymPh(d)
1505.5 BasymPh(f,g)
1523 1506.8 BaoymPh(f )
1581 1565.7 BasymPh(d)
1611 1598.6 BsymPh(f,g)
1625 1618.6 BasymPh(d)
1700 1712.0 vC=0(h)
1722 1713.5 anti-phase vC=0(eh)
1714.6 in-phase vC=O(e/h)
1737 1747.3 vC=0(e)
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Table 2. Cont.

exp calc Description

2861 2919.9 VsymCHa(b,¢)
2924.1 VsymCHa (b c)
2946.7 VsymCH2 (])

2878 2950.6 VasymCH2(j), VsymCH3(j)
2952.3 VasymCHz (b,¢)

2936 2988.7 Vasym CHa(j)

2960 3006.7 VasymCH2 (b,¢)

2976 3017.1 Vasym CHa(j)

Table 3. Band assignments of the IR spectrum measured for 3F2HPhF6 in the crystal phase at 253 K
(exp), based on DFT+D3/BLYP-def2SVP calculations for the head-to-tail dimer of molecules in the
anti conformations (calc). The wavenumbers are given in cm 1. See the text for the notations of the
vibrational motions.

exp calc Description
511 505.6 YPh(d,f,)
s 535.6 8CFy(a), 5COC(b,c), BasymPh(d)
539.4 BasymPh(d), YPh(f,g)
554 556.0 BasymPh(d), yPh(f,g)
622 577.6 5COC(c,d), BasymPh(d)
630 610.6 YPh(d,f)
643 620.1 YPh(d), BasymPh(f,g)
653 638.2 YPh(d), BasymPh(f,g)
664 656.8 YPh(d), BasymPh(f,g)
681 663.4 yPh(d)
702 668.9 YPh(d)
693.9 YPh(f,g)
725 695.0 YPh(f,g)
736 704.5 wCF,(a), 5CCO(a,b)
709.8 wCF,(a), 5CCO(a,b)
770.0 YPh(f,g)
760 7706 YPh(t,g)
774 779.8 wCF;(a), 5CCO(ab)
816 823.9 YPh(f,g), vsymOC*C(h,ij), TCHa(j)
835 840.5 YPh(d,f,g)
854 845.9 YPh(f,g)
880 866.1 wCF;(a), vsymCCO(a,b), TCHy (b,c)
914 888.2 wCF»(a), vsymCCO(a,b), wCH;(b)
926 894.9 VasymOC*C(hi,j)
899.9 VasymOC*C(hrirj)
962 936.1 VasymCFa(a), pPCHy (b)
987 992.3 Basym(£,8)
1008 1012.8 VsymCCO(c), BasymPh(d)
1020 1014.4 VeymCOC(b,0), BasymPh(d,f,g)
1052 1045.2 wC*HCH3(i), wCH;(j)
1092.8 BasymPh(d)
1103 1096.4 BasymPh(d)
1116 1114.1 BasymPh(d)
1146 1122.1 Vasym CF2(a), pCHa(c)
1164 1145.0 VasymCF3(a), veymCFa(a), pPCHa (b,¢), BasymPh(d), BsymPh(f)
1173 1156.7 BsymPh(f), pCHz(j)
1185 1166.0 BsymPh(g)
11714 VasymCFS (), VsymCFZ(a)r VasymCCC(arb)f Basymph(d)
1208 1183.2 VasymCF3(a), SCCC(a), TCH; (b,c)
1228 1192.8 VasymCF3(a), VsymCF2(a), Vasym CCC(a,b), TCH;(b,c)
1197.7 VasymCF2(a), TCHy (b)
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Table 3. Cont.

exp calc Description
1269 1216.5 TCH2(0), BasymPh(d), VasymCCO(d,e), VasymCOC(e,f)
1224.0 BasymPh(d,f), vasymCCO(d,e)
1285 1246.6 Basym(d£), YasymCCO(d,e), VasymCCO(g h), TC*HCH; (i), TCH,(j)
1292 1250.0 Basym(d£), YasymCCO(d,e), VasymCCO(g h), TC*HCH; (i), TCH,(j)
1311 1283.3 TCHy(b,c)j), BasymPh(d,f,g)
1347 1339.0 VasymCCO(g/h), wCH, (i), wC*HCH;(j)
1356 1351.0 wCHy(c), TCH3(c), BasymPh(d)
1389 1369.8 BasymPh(d)
1400 1404.4 BasymPh(f,g)
1439 1432.2 BasymPh(d), 3CH,(i,j)
1461 1438.1 BasymPh(d), 3CHx(ij)
1468 1464.4 SCHy(b,c), BasymPh(d)
1495 1479.0 BasymPh(f,g)
1507 1486.3 8CHy(c), BasymPh(d.f,g)
1523 1503.8 BasymPh(f,g)
1581 1560.8 BasymPh(d)
1611 1596.5 BasymPh(f,g)
1597.1 BasymPh(f,g)
1625 1614.8 BsymPh(d.f,g)
1615.5 BsymPh(d.£,g)
1700 1684.9 vC=0(h)
17 1711.4 - ¥C=0(e)
1715.4 anti-phase vC=0(e/h)
1737 1718.2 in-phase vC=0(e/h)
2861 2944.8 VasymCHZ(brC)
2945.3 Vsym CHa (j)
2956.3 VasymCH2(j), Vsym CH3(j)
2878 2963.8 VsymCHa(b,c)
2964.8 VasymCHZ(b)/ VasymCHZ(j)/ VsymCH3 )
2936 3006.8 VsymCHa(b,c)
2960 3016.5 Vasym CH2(j)
2976 3027.9 Vasym CHa(j)
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Figure 4. Experimental peak positions determined from the IR spectrum of 3F2HPhF6 in the crystal
phase at 253 K vs. peak positions calculated for isolated molecules in two conformations: (a) head-to-
head dimer (b) and head-to-tail dimer (c). Dashed and solid lines indicate linear fits in the whole
spectral range and in the separate ranges, respectively.

As a next step with the molecular models, we built a periodic model of 3F2HPhF6
that esthetically represents one of its tilted smectic phases (see computational details and
Figure 5a,b). Figure 5c,d show the overlaid discrete Fourier transforms of the evolutions of
every respective C=O(h) (blue) and C=O(e) (red) bond distance in the system. Specifically,
if the positions of the signal maxima are compared with the predicted C=O vibrational
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frequency from an isolated monomer (indicated by the dashed lines in Figure 5c,d), the
periodic models further support the key observations from the molecular cluster models
about how the influences of intermolecular interactions cause a general decrease in and
splitting of the observed frequencies. In addition, the xTB results indicate that the C=O(e)
groups are particularly sensitive to the nature of the splitting. Although we are cautious to
interpret the sources of the observed splitting without further exploring how the model
setup and choice of methodology influence the splitting, we observed that the main differ-
ence between the “lowest” and “highest” frequency C=O(e) bonds were that the lowest
frequency one (near 1700 cm~ 1) engaged in mostly C=0O. . .H-C contacts and some C=0. ..F
contacts, whereas the highest frequency one (near 1740 cm 1) was different in two ways:
(I) it is bound to a F-substituted phenyl ring that rotated by 180° during pre-equilibration
(the C=0O(e) group rotated with it in such a way as to preserve its local anti symmetry with
respect to the F substituent; this gave the molecule a distinct rotamer vs. all of the other
molecules in the cell), and (II) it creates an intermolecular lone pair. . .7t contact [34] (~3.0 A)
with a nearby biphenyl group.

Table 4. The scaling coefficients between experimental and calculated IR absorption peak positions
and the corresponding coefficients of determination R? of the linear fits (in italics).

Model Full Range <1000 cm~1 10002000 cm 1 >2000 cm—1
Isolated 0.994(2) 1.019(4) 1.011Q2) 0.978(1)
molecule 0.99961 0.99966 0.99988 0.99999
Head-to-head 0.998(3) 1.020(4) 1.011(2) 0.980(2)
dimer 0.99962 0.99964 0.99986 0.99998
Head-to-tail 0.996(3) 1.018(5) 1.012(2) 0.975(2)
dimer 0.99953 0.99955 0.99991 0.99998

monomer

amplitude
amplitude

1680 1700 1720 1740 1760 @ 1680 1700 1720 1740 1760
wavenumber [cm-1] wavenumber [cm1]

Figure 5. (a) A side view of the 7-molecule simulation cell that was used to model periodic layers of a
tilted smectic phase for 3F2HPhF6; all of the molecules were initially assigned the anti configuration
and the initial distribution of the C=0(h) and C=O(e) carbonyl groups is indicated. (b) A different
perspective of the model that shows deviation after optimization from the underlying hockey-stick
shape. (c,d) The overlaid discrete Fourier transforms of every C=O(h) (c) and C=O(e) (d) type of
carbonyl group in the molecular dynamics simulations; the wavenumber of the C=0O vibration from a
normal mode analysis on an individual molecule is indicated by the dashed line.
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3.2. Temperature Evolution of Vibrational Spectra and Structure

The XRD patterns and IR spectra were registered in the same temperatures to facilitate
their comparison (Figure 6) and their selected fragments were analyzed closely (Figures 7-9).
The XRD results are in agreement with the phase sequence obtained in [10] by differential
scanning calorimetry (DSC). At 253-323 K, the diffraction patterns consisting of the sharp
peaks are typical for the crystal phase (Figure 6a). Above the Cr — SmCa* transition, at
333-373 K, there are only three sharp diffraction peaks—the main peak at 20 = 3.2° and its
second and third harmonics at 6.4° and 9.6°—related to the smectic layer order, while at
higher angles, with a middle at 260 ~ 18°, there is a wide maximum arising from the short-
range order in the smectic layers [15-19]. The SmC* and SmC* phases are characterized,
respectively, by the anticlinic and synclinic order of the tilt angle in the neighbor smectic
layers [15]. This structural change at the SmCa* — SmC* transition does not lead to
qualitative changes in the conventional XRD patterns (only the resonant XRD method gives
different patterns for SmC*, SmCx* and various sub-phases [35]). The sharp peaks from
the smectic layers are absent at the patterns collected at 383 and 393 K, which signals the
occurrence of the SmC* — Iso transition. The position of the first diffraction peak appearing
in the XRD patterns at low angles is related by the Bragg equation d = A/2sin6 [15] to
the layer spacing d in the crystal and smectic phases. The decrease in the tilt angle of the
molecules in the SmC*, SmCx* phases [8] leads to the increasing smectic layer spacing
upon heating. Another important parameter is the integrated intensity of the low-angle
peak. The abrupt changes in the layer spacing and integrated intensity indicate the phase
transitions [17,18]. For 3F2HPhF6, the Cr — SmC,* transition can be noticed in the
d(T) plot as a decrease in the layer spacing, while the SmC* — SmCx* transition is not
accompanied by any significant change in d. However, both transitions are clearly visible
in the temperature dependence of the integrated intensity (Figure 8a).

The phase transition which influences the IR spectrum to the most extent is the melting
of the crystal phase, which leads to a change in the shape and positions of some absorption
bands (Figure 6b). Further transitions are not clearly visible in the IR spectra, which
look practically the same for the SmCx*, SmC* and Iso phases. As reported in other
publications [1,2,5,6,9], the absorption bands in the 1700-1750 cm ! range, assigned to the
vC=0 vibrations, show a noticeable sensitivity to changes in temperature, phase transitions,
intermolecular interactions and molecular conformation; therefore, they are investigated
as a function of temperature (Figures 7 and 8b,c). The vC=0 bands are designated as I, II
and Il in order of their increasing wavenumber. According to the assignments presented
in Tables 1-3 and the computational results from [9], band I is related to the stretching
of the C=0O bond close to the chiral center, while bands II and III are more likely related
to the stretching of the C=0 bonds located within the aromatic core. We consider this
a sound guiding principle, but we further highlight that the results from the periodic
models (in Figure 5) suggest that the shifts in the vC=0 frequencies that are induced by
non-homogeneous intermolecular interactions can overlap with the magnitudes of the
shifts that are induced by intramolecular effects. The Cr — SmCx* transition is connected
with the change in the integrated intensity of all the vC=0O absorption bands, while the
significant change in the wavenumber occurs only for band I. There is no certain signature
of the SmCx* — SmC* transition, probably because the surroundings of the C=0 groups
do not differ in both smectic phases. In the isotropic liquid phase at 393 K, bands I and
III decrease and band II increases in intensity; a decrease in the wavenumber of band II
and an increase in the wavenumber of band III is also visible. At 383 K, the parameters of
the vC=0 bands are not very different to the values for the SmC* phase, despite the XRD
results confirming that 3F2HPhF6 is in the isotropic liquid phase at this temperature. The
explanation for this could be the presence of small domains with a preserved smectic order
in the sample, which survived a few degrees above the SmC* — Iso transition temperature
(resembling the so-called cybotactic clusters reported for the nematic phase [36]).

Since the computational results indicate that intermolecular interactions influence the
wavenumbers of the vC=0 bands, it is reasonable to compare their values with the average
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distance w between the long axes of molecules in the smectic layers and in the isotropic
liquid. The w value is determined from the position of the wide maximum at 26 ~ 18°
in the XRD patterns [15,16]. For 3F2HPhF6, w equals 4.8-4.9 A in the smectic phases and
5.0-5.1 A in the isotropic liquid phase, increasing with increasing temperature. In the
temperature range of 333-373 K in the smectic phases, there is a roughly linear increase in
the wavenumbers of the vC=0O bands with an increasing intermolecular distance, with the
slope equal to 11-15 cm~1/A (Figure 9). The larger the distances between the molecules in
the smectic layers, the weaker the intermolecular interaction. The computational results
show that the proximity of the C=0 group and the F atom shifts the vC=0 band towards
higher wavenumbers [9]. However, according to the literature [4,37-39], the presence of
the hydrogen bonds involving the O atom from the C=O group has an inverse effect and
shifts the vC=0 band towards lower wavenumbers. This means that the intermolecular
interactions have various effects on the vC=0 bands, depending on the arrangement of the
molecules. In our computational results, the theoretical positions of the vC=0O bands calcu-
lated for the anti/syn set of isolated molecules (1718.5-1756.5 cm™!) are higher than those
obtained for the head-to-head (1712.0-1747.3 cm ') and head-to-tail (1684.9-1718.2 cm™1)
dimers. The theoretical vC=0 band with the lowest position of 1684.9 cm~" is related to the
stretching of the C=0O(h) group making a short contact with the C-H atoms from the CH;(b)
group of the neighbor molecule; this is curiously similar to what we observed for the lowest
frequency C=0(e) contribution in Figure 5d, which also involved a contact with a nearby
CH;(b) group. The H(b)...O(h) and C(b)...O(h) distances in the molecular model are
22Aand32A, respectively, and the C-H(b). . .O(h) angle equals 155.2°. These parameters
are similar to the experimental values obtained for the C-H...O hydrogen bonds in the
crystal structures of other liquid crystals [40,41]. Taking this all into account, we conclude
that the blueshift of the vC=0 bands with the increasing intermolecular distance w and
increasing temperature is caused by the decreasing amount of hydrogen bonds between
molecules. In the isotropic liquid phase, the positions of the vC=0O absorption bands show
various dependences on w: band III still blueshifts with increasing w, while bands I and
IT slightly redshift. The explanation of their relationship is not as straightforward as for
the smectic phases because the orientational disorder in the isotropic liquid enables much
more configurations of neighboring molecules.
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Figure 6. XRD patterns (a) and IR spectra (b) of 3F2HPhF6 collected upon heating. The phase
sequence is as follows: 253-323 K—crystal (black), 333-363 K—SmCa * (green), 373 K—SmC* (yellow),
383-393 K—isotropic liquid (red).
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Figure 7. IR absorption bands related to the C=O stretching with the representative fitting results of
the pseudo-Voigt (crystal phase) and Gaussian (smectic and isotropic liquid phases) peak functions
after background subtraction.
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vC=0bands I (b), I (c), I1I (d). The vertical lines indicate the phase transition temperatures from [10],
determined by DSC.
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Figure 9. Relationship between the average distances between molecules within the smectic layers
and in isotropic liquid determined by XRD, and the positions of the vC=0 bands obtained from
experimental IR spectra. For the results in the smectic phases, the linear fits are performed and the
slopes and coefficients of determination are given.

4. Conclusions

The intramolecular vibrations of the 3F2HPhF6 compound were investigated by
FT-IR spectroscopy and density functional theory calculations for the isolated molecule,
dimers and periodic model. The detailed band assignments in the wavenumber range
of 500-3000 cm ! show that the introduction of dimers into the DFT+D3 calculations
gives a better agreement between the experimental and calculated spectra, i.e., the scaling
factor is closer to 1. However, the calculations for isolated molecules are also sufficient,
as long as they include two possible positions of the fluorine substituent in the aromatic
core and the neighboring C=0O group (syn and anti conformations). The results for the
periodic model obtained with the xXTB method provide additional support for three key
observations: (1) how the inclusion of non-covalent interactions directly influences the
predicted C=0 stretching frequencies, (2) a major origin of the shifts in frequencies relates
with the influences of the shortest non-covalent contacts that the C=O groups participate
in, and (3) it is important how the molecules ultimately position themselves vs. their
neighbors (concerning both their relative orientations and their adopted rotamers). This
is similar in spirit to the influence of the anti vs. syn monomer isomers, but rather points
out the (dynamic) intermolecular aspect of this effect. The blueshift of the absorption
bands related to the C=O stretching upon heating, correlated with the increase in the
average intermolecular distances obtained from the XRD patterns, indicates the decreasing
amount of weak C-H...O=C hydrogen bonds in the smectic Cx* and smectic C* phases.
The shift of the C=0 stretching band towards lower wavenumbers upon hydrogen bond
formation is confirmed by one of the dimer models, and the calculated parameters of the
C-H...0O=C bond are in agreement with the experimental results reported for other liquid
crystalline compounds.
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Abstract: Intrinsically fluorescent liquid crystals are highly sought after for a variety of applications.
Most of the measurements of photo-physical properties of liquid crystals are made in dilute solutions,
which is mainly due to the relative ease of both these measurements and the interpretation of data.
The fluorescence spectra depend on a number of parameters including the concentration in liquid
crystal solutions, the device geometry, and the mesophase in which the spectra have been measured.
Working with neat, or concentrated, liquid crystal samples adds experimental complexities such as the
inner filter effect (IFE), which affects the collection of data, interpretation of the results, and accuracy
of the conclusions. In this paper, we present a systematic study of the photo-physical properties of
both a model reference material, Nile red, and a nematic liquid crystal, 4-cyano-4’-pentylbiphenyl
(5CB). The influence on the emission spectra of an increasing solute concentration is investigated and
discussed. Moreover, a detailed investigation of the influence of the used device geometry, as well as
the choice of appropriate data fitting methodologies, are presented.

Keywords: emission; fluorescence; inner filter effect; liquid crystals; liquid crystal devices; photo-physics

1. Introduction

Thermotropic liquid crystals (LCs) have been used in many applications, such as the
now ubiquitous LC displays (LCDs), as the LC director (bulk molecular orientation) can be
controlled by external manipulation which, in turn, produces unique changes to the optical
behaviour. In LCDs, by far the most successful application of LCs to date [1], an electric field
is used to reorient the director in order to obtain optical contrast [2]. Similarly, intrinsically
fluorescent LCs are desirable for many applications as their emission properties could be
electrically controlled by reorientation of the LC director.

Fluorescence, in general, is the process of spontaneous emission of light by electroni-
cally excited species of an organic or inorganic material. To achieve fluorescence, various
methods of electronic excitation can be used, including: light in photo-luminescence [3],
an electric field in electro-luminescence [4], and ultrasound in sono-luminescence [5].
Applications of intrinsically fluorescent LCs are widespread and include polarised lasers [6,7],
fluorescent LCD materials to replace the back-light component found in LCDs [8,9] and im-
prove viewing angles [10], anisotropic organic light-emitting diodes [11,12], fluorescent LC
gels for photonic applications [13,14], ink-jet print dyes [15], and 1D semiconductors [16].

The fluorescence emission from LCs has been studied previously. A number of
these studies investigate cyano-biphenyl (CB)-based LCs. Through these studies, it has
been identified that CB-based LCs form ‘excimers’. An excimer is a transient complex
formed between the same type of molecules, where one is in the ground state, while the
other in the excited state [17]. Excimers are observed in CB materials both in solutions
at higher concentrations (>100 mM) and in the neat form [18-23]. While LCs are often
highly fluorescent in dilute solution, once they are concentrated, either due to the nature
of the particular LC phase, or simply due to the increased solution concentration, excimer
formation either red-shifts and alters the spectrum, or it quenches the emission entirely [24].
In neat LCs, excimers have been identified both in their LC and isotropic phases [19,21,22].
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These excimers are typically found to be long-lived, and they have been suggested to be
related to the anti-parallel pair formation that occurs in CB-based materials [23,25,26].

Understanding the photo-physical properties of LCs in solution, i.e., as single molecules
isolated from neighbouring LC molecules, is an important precursor to understanding the
photo-physical properties of neat LCs. As high-quality UV-Vis and photoluminescence
spectrometers are relatively commonplace, making photo-physical measurements on LCs in
solution is relatively straightforward. However, interpretation of the data can be more com-
plex, and it is not clear that conclusions based on measurements of LCs in dilute solution
apply to LCs used in the neat form. Furthermore, often when the fluorescence behaviour is
studied for high concentration solutions and for neat LCs, either the contributions from the
so-called inner-filter effect (IFE) (details in Section 2.2) are ignored, or not enough details
are provided in the description of the experimental geometry to accurately interpret and
understand the presented results. In CB-based LCs, often the IFE, and its contribution to
measured emission and excitation spectra, has not been considered and discussed. We
note that the shift in emission wavelength caused by the excimer formation is often large
enough in CB-based LCs that correct conclusions have often been reached in spite of this
oversight even though this is not always true.

To address these issues, this paper provides a systematic investigation of some key
photo-physical properties of a cyanobiphenyl LC, 5CB, which is often used in the literature
as a ‘standard’ nematic LC for such investigations. The photo-physical effects are first in-
vestigated using a standard fluorophore, Nile red, which does not show excimer formation
unlike the cyanobiphenyl LCs. The results from Nile red are compared to corresponding
results from 5CB. The paper establishes the effect of Nile red and 5CB concentrations (in
solution) on the emission properties, and it explains how the IFE can alter the observed
spectral concentration dependencies seen in both materials. The investigation of the emis-
sion and excitation spectra of Nile red also shows how such spectra can distort at high
concentrations in sample geometries such as cuvettes. Even though Nile red does not
undergo any changes to the ground state at the concentrations studied here, spectral distor-
tions to the emission and excitation spectra of Nile red are still observed even at relatively
low concentrations. We further evaluate the role of the measurement device geometry
on the measured emission spectra, using results from front-facing (defined in detail in
Section 2.2) measurements on LC cells, which significantly minimise spectral alterations
due to the IFE. Finally, the influence of the applied analysis procedures such as fitting
routines of the emission spectra, on the final results, are discussed in detail.

2. Theory
2.1. The Effect of Concentration

The quantum yield of a fluorophore, ®r, is defined as the number of emitted photons
relative to the number of absorbed photons. Mathematically, this can be written as

o = [ R, ®

where F) (Ar) represents the probability that an absorbed photon is emitted at a specific
wavelength, Ar [3]. The fluorescence intensity, Ir, is thus simply proportional to Fy (Ar)
and the number of photons absorbed by the fluorophore, I4(Ag). This means that the
fluorescence intensity of a fluorophore can be written as

Ie(Ag, Ap) = kEr(AR) 1A (AE), 3]
where Ar and A denote the wavelength of excitation and emission, respectively, and k is a

constant which includes various experimental contributions, such as the bandwidth of the
monochromators and the optical configuration [3].
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I4 (M) can be written as:
In(Ag) = Io(Ag) — Ir(Ag), ®)

where I7(A) is the intensity transmitted through the sample. From the Beer-Lambert law,
I7(Ag) can be written as:

It(Ag) = Ip(A) exp(—2.3e(Ag)lc), (4)

where [ is the path length through the sample, epsilon(symbol) is the molar absorption
coefficient and c is the concentration of the fluorophore in solution. All three of the
Equations (2)-(4) can be combined to give the following;:

Ir(Ag, AF) = kFA(Ap)Io(AE)[1 — exp(—2.3e(Ag)lc)]. (5)

The exponential can then be expanded to an infinite series for which the higher-order terms
become negligible at low concentrations, allowing for further simplification:

Ir(Ag, AF) = 23kFr(AF)Io(AE) A(AE), ©)

where A(Ag) = e(Ag)lc is the absorption at the excitation wavelength Ar (i.e., the Beer—
Lambert law [27]). The final step is to integrate over the whole emission spectrum, which
yields the following:

Ip(Ap) = 2.3k®rlo(Ap) A(AE). @)

This expression gives the fluorescence intensity as a function of parameters that are rela-
tively simple to measure, except for k. Equation (7) shows that for lower concentrations,
the fluorescence intensity of emission is directly proportional to the fluorophore concen-
tration. However, expansion of the exponential concentration dependence (Ip(Ag) o €°)
to a linear behaviour (Ip(Ag) o ¢) is only valid for low concentrations, and at some
concentration, all of the incoming light will be absorbed by the fluorophore, leading to an
upper-limit/saturation in fluorescence intensity. Equations (2) and (3) can be combined
and then integrated over all emission wavelengths to give [28]:

Ir(Ag,¢) = k®p[Io(AE) — IT(AE, ©)]. 8)

A clear implication of this is that when all the light is absorbed by the sample, i.e.,
In(Ag) >> It(AE), the effect of concentration on the emitted intensity is lost. By measur-
ing the fluorescence intensity for increasing concentrations e.g., of LCs in solution, this
behaviour is often not observed due to another effect called the inner filter effect [28].

2.2. The Inner Filter Effect (IFE)

Liquid crystals are generally optically very dense in their LC state due to high amounts
of absorption and scattering, which makes them difficult to study in neat form using
traditional fluorescence spectroscopy methods. The IFE is suggested to be the root cause
for this [28,29]. The IFE has been suggested to be present at some level in almost all
published emission measurements [30]. However, despite its almost universal appearance,
it is often ignored in the literature, which can lead to incorrect and misleading conclusions;
the IFE can both dramatically quench emission intensity and induce significant spectral
distortions [28,29].

There are two key types of IFE: primary and secondary IFE. Primary IFE is a natural
consequence of the sample absorbing light. As light travels through the sample, individual
photons are absorbed before being emitted in a random direction, resulting in fewer photons
reaching the measurement volume. If the concentration of absorbing species is high enough,
almost no light will reach the measurement volume and the measured fluorescence intensity
will be significantly reduced. Secondary IFE, sometimes known as secondary absorption, is
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where a photon emitted by the fluorophore is absorbed by another molecule and is then
emitted in a random direction before it reaches the detector. This will induce significant
spectral distortions due to lost photons. The smaller the overlap between the emission and
absorption, or excitation peaks (the Stoke’s shift), the stronger the effect of secondary IFE
becomes [29].

In the most commonly used experimental geometry for measuring fluorescence spec-
tra, the sample is contained in a cuvette placed along the beam path, and the data are
collected at a right angle (shown in Figure 1a). As both primary and secondary IFEs
significantly influence experiments in this geometry, many suggestions to correct for these
effects have been proposed [28,29,31,32]. However, these correction methods often require
complicated experimental setups, significant time for data collection, and do not provide
notable reduction in errors. Therefore, it has been suggested that front-face measurements
(such as the one shown in Figure 1b) offer significant advantages over these other tech-
niques; the front-face measurement geometry avoids the excitation and emission paths
passing through the entire sample [33], which makes correcting for IFE simpler. It has
recently been shown that it is extremely difficult to completely eliminate the IFE from any
measurements, and the IFE can only be minimised by use of front-face measurements on
thin-film samples [29]. Thus, importantly, the thin sandwich cells typically used to study
many properties of LCs provide an ideal geometry for front-facing photo-physical studies.

a b)'

Measurement |
R
Volume

)

™ cuvette —7

Optical Fibres

Hot Stage

Sample

Figure 1. Schematic diagram of two commonly used sample geometries for fluorescence measure-
ments. (a) Shows the most commonly found 90° geometry and (b) shows the alternative front-facing
geometry, in cuvettes. (c) Schematic representation of the alternative geometry of measurement
compatible with ‘standard’ LC cells, which allows for measurement of the emission properties of
LCs as function of temperature, surface conditions etc. As the angle « is 20°, this can be considered
as a front-face measurement [34]. In all figures, blue arrows indicates the direction of excitation,

green arrow indicates the direction of observed emission and the orange area indicates the samples
measurement volume.

3. Materials and Methods

All materials, including solvents, used in this study were purchased from the com-
mercial supplier Sigma-Aldrich and used without further purification. Care was taken
to only use spectroscopic grade solvents of the highest purity (>99.5% as rated by the
manufacturer) since trace impurities are often fluorescent and so would be detectable in
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the measured emission and excitation spectra. The chemical structures of 9-(Diethylamino)-
5H-benzo[a]phenoxazin-5-one (Nile red) and the liquid crystal used in this study, 4’-pentyl-
[1,1'-biphenyl]-4-carbonitrile (5CB), are shown in Figure 2. The LC exhibits a nematic phase
at room temperature and a nematic to isotropic phase transition at 35.5 °C. Both Nile red
and 5CB are easily soluble at relatively high concentrations using standard solvents such
as methanol.

The fluorescence experiments were carried out using an Edinburgh Instruments
FLS1000 photoluminescence spectrometer equipped with dual monochromators on both
the excitation and emission sections of the fluorimeter. An ozone-free xenon arc lamp was
used to excite the samples. The slit bandgaps, which control the bandwidth of the emission
and excitation, were set to values between 0.5 and 1 nm depending on the intensity of the
sample. The values were kept consistent for each individual sample in order to allow for
a direct comparison of intensities. For experiments involving a cuvette geometry, quartz
cuvettes with a 1 cm path length were used for the solutions. A N-K02exd TE sample
holder was used to hold the cuvettes within the spectrometer. All measurements using
cuvettes were conducted using the right-angle geometry shown in Figure 1a.

O
\Nj@ﬁm

Figure 2. Chemical structures of (a) Nile red and (b) 5CB, the fluorescent materials used in this study.

In experiments where LC cells were used, the light was directed via optical fibres to a
temperature-controlled hotstage (T95, Linkam Instruments). The hotstage was mounted in
a reflection geometry, such that the excitation and subsequent collected emission light were
normal to the LC director for samples in a planar aligned nematic LC cell. A schematic
representation of this experimental geometry is provided in Figure 1c. The LC cells/devices
used in this study were purchased from commercial suppliers (AWAT, Poland), and the
cells were filled in the nematic phase of 5CB. Planar alignment is achieved using rubbed
polyimides with the two substrates assembled in an anti-parallel arrangement. The align-
ment quality and phase transition temperatures in the cells were checked using polarised
optical microscopy (POM) before being used. The glass substrates (with a glass thickness of
~1 mm) cause an attenuation of the excitation beam and a slight distortion of the emission
spectra at wavelengths below 350 nm. Beam attenuation reduces the overall emission
intensity, and this will be wavelength independent. The soda-lime glass shows reduced
transparency below 350 nm (~20% at 320 nm), which in turn reduces the intensity of
the emission spectra below 350 nm. These effects are consistent across all experiments
conducted in LC cells and do not change as a function of temperature, cell gap or concen-
tration; therefore, these effects could be ignored. Cells fabricated using quartz glass could
be used instead if the investigated material requires access to wavelengths below 350 nm.
For the materials used in this study, this was not necessary. All emission and excitation
measurements were corrected for the optical efficiency of the optical components within
the spectrometer, and for a variation in bulb intensity across the spectrum using the stock
correction files provided by the spectrometer manufacturer, which includes the optical
efficiency of the optical fibres.

4. Results and Discussion
4.1. Nile Red—A Non Liquid Crystalline Fluorophore

Nile red is a commonly used dye [35,36] that can form H-aggregates (these are side-to-
side parallel aggregates [37]) while in aqueous solution, which quenches the emission [38].
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The dye does not undergo any changes in its photo-physical behaviour for the concentra-
tions studied here in non-aqueous solutions such as methanol [36,39]. Typical excitation
and emission spectra for three different concentrations of Nile red in methanol, recorded
at 640 nm and 555 nm, respectively, are shown in Figure 3. From these graphs, it is clear
that Nile red in 100 uM solution has a lower emission intensity than in the 10 uM solution.
The normalised spectra also demonstrate that as the concentration of Nile red increases,
the shape of the peak changes on the lower wavelength side.

Equation (7) shows a linear relationship between intensity and concentration though
it should be noted that this equation is specifically only valid for low concentrations as
discussed in Section 2.1, and the results here could be interpreted as a violation of that
linear dependence. However, the lack of a linear relationship between intensity and
concentration, and the variation in peak shape, can in fact be attributed to the IFE. As the
primary IFE acts to absorb the excitation beam before it reaches the measurement volume,
the observed reduction in emission intensity can be unrelated to any changes in material
properties, such as quantum yield or intermolecular interactions. Similarly, the distortion
in the emission shape profile is due to the secondary IFE, where the light that is emitted
from the measurement volume is re-absorbed by Nile red molecules situated between
the measurement volume and the detector. These photons are then re-emitted in random
directions, which means that the chance of them being captured by the detector is low,
and many of these photons are effectively lost [40].

The excitation spectra of Nile red also show effects of IFEs: both the lack of a linear
concentration dependence of the peak intensity, and shape changes of the emission peaks
are observed; the latter is most clearly observed for the 100 uM solution, where the single
emission peak splits into two. The latter behaviour could be interpreted as a physical change
in the ground state of the sample; however, we know for Nile red that this is not likely for
these concentrations in this solvent. The more likely cause is primary IFE, where Nile red
absorbs strongly at the investigated concentrations, thus preventing the excitation beam from
reaching the measurement volume at its full strength, which reduces the emission intensity.
Outside of the peak center, Nile red is less absorbent, and more incoming light can thus reach
the measurement volume, resulting in artificial peaks at 480 nm and 605 nm.
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Figure 3. Excitation (dashed lines) and emission (solid lines) spectra of Nile red at various concen-
trations in methanol. The excitation and emission spectra were recorded at 640 nm and 555 nm,
respectively. Shown on (a) is the raw spectra while on the (b) is the normalised spectra. The flattening
of the excitation spectra of 10 uM and the subsequent splitting of the spectra into two peaks at 100 uM
are due to the primary IFE. The normalised emission spectra show the effects of secondary IFE on its
blue edge where there is some spectral distortion.
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The peak positions shown in the excitation spectra are thus determined from a balance
between the increased intensity of the excitation source reaching the measurement volume
and the reduced absorption coefficient of Nile red at these wavelengths. Spectral distortions
due to IFE can be seen even at the relatively low concentrations of 10 uM where a slight
increase in peak width can be seen when compared to the peak of the 1 uM solution.

Table 1 provides the intensity counts for the Nile red excitation peaks observed at
different concentrations. The table shows that the intensity for the 550 nm emission peak
at a concentration of 10 uM is 6.4 times the intensity of the 1 M solution, even though
a 10 times increase is expected based on a linear intensity vs. concentration. These non-
linearities are reduced at the edges of the peak, where the absorption is reduced and hence
also the effect of primary IFE. Excitation measurements at 450 nm, well away from the peak
absorption, show the best agreement with the linear concentration vs. intensity dependence,
even though the correlation is still not accurately following a linear behaviour.

Table 1. List of intensity counts taken from the raw excitation spectra of Figure 3 for specific
wavelengths for the three different concentrations of Nile red in methanol. The factors in brackets
indicate the multiplication factor of the counts from their respective lower concentrations.

¢ (uM) 450 nm 500 nm 550 nm 600 nm
1 43,000 254,100 491,500 169,000
10 419,400 (9.7 %) 2,005,200 (7.9%) 3,161,100 (6.4 %) 1,429,100 (8.5x)
100 2,665,800 (6.4 ) 3,267,200 (1.6%) 1,077,500 (0.34 %) 3,743,100 (2.6 x)

Overall, the investigation of the emission and excitation spectra of Nile red shows the
limitations of these types of measurements performed in cuvettes, especially at relatively
high fluorophore concentrations. Even though Nile red does not undergo any changes to its
ground state for the concentrations studied here [36,39], spectral distortions to the emission
and excitation spectra are observed for concentrations even as low as 10 uM. While the
concentration at which one begins to observe spectral distortions due to IFE changes from
sample to sample (as demonstrated in the next section for 5CB), as shown from the work
presented here, 10 pM is a commonly used dilute concentration. The presented results
also show that the spectra, even for concentrations as low as 10 uM, are slightly distorted,
which is a fact that must be considered when analysing the photo-physical measurements
of liquid crystals.

4.2. 5CB—Measurements Made in Cuvettes

Figure 4 shows the emission and excitation spectra of 5CB measured at 280 nm and
340 nm, respectively. Since 5CB is a nematic LC at room temperature, it is easily dispersed
even at high concentrations using standard lab solvents such as methanol or acetone. This
allows measurements of emission spectra up to concentrations as high as 100 mM. In the
excitation spectra, the same splitting of the excitation peak that was seen for Nile red
occurs also for 5CB at a concentration of 100 uM. As the concentration was increased
further, the double peak increasingly separates until it becomes a single peak, which then
continuously moves to longer wavelengths.

Similar to the behaviour of Nile red, the emission spectrum of 5CB does not follow
a linear relationship over the investigated concentrations as we would expect from the
simplified expression in Equation (7), although it should be noted that this equation is
specifically only valid for low concentrations as discussed in Section 2.1. Spectral distortions
are clearly visible, and the blue edge of the emission spectra red-shifts for increasing
concentrations. 5CB has a smaller emission and excitation peak overlap compared to Nile
red and is thus less affected by secondary IFE: concentrations as high as 1 mM are required
for red-shifting to become visible, while for Nile red, red-shifting effects became visible at
10 uM. As mentioned before, we note that both the peak shape, the peak width, and the
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Stoke’s shift affects the overlap between the emission and excitation peaks of a given
material and thus how much a particular material is affected by the IFE.
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Figure 4. Excitation (dashed lines) emission (solid lines) spectra of 5CB in various concentrations in
methanol recorded at 340 nm and 280 nm, respectively. The raw spectra are shown in (a), and the
normalised spectra is shown in (b).

An additional effect that is present in 5CB, but does not occur in Nile red, is the forma-
tion and subsequent emission from excimers. The presence of excimer emission in liquid
crystals has been proposed based on the emission measurements of highly concentrated
solutions of LCs in isotropic solvents [19-23]. For example, the calamitic LC, 5CB, dissolved
at low concentration (1.7 uM) in isopropyl alcohol (IPA) showed fluorescence emission
at 335 nm, while at high concentrations (0.5 M), it instead showed a new emission peak
at 380 nm but with a shoulder at 335 nm [21]. This red shift was attributed to excimer
formation between anti-parallel (AP) pairs of 5CB molecules. These AP pairs are also
known as “dimers’. Moreover, it has been shown that excimer formation in all nCBs and
nOCBs is related to the same anti-parallel (AP) pair formation that is often stated as a
‘stabiliser” for the LC phase [23,25,26]. However, although excimer emission for the nCB
and nOCB series of LCs has been well studied [19-23,41-44], correct consideration to how
the IFE may have affected those results has not always been given.

In Figure 4, for the high concentration samples (10 mM and 100 mM), an increase
in the relative intensity can be seen near 400 nm. While some of this effect will be due
to the secondary IFE, IFE-induced spectral distortions affect the lower wavelength side
of the peaks more strongly and would be unlikely to be the cause of the big growth in
emission at 375 nm for the 100 mM solutions. The main cause of this significant red-shift
is more likely to be due to excimer formation, which for 5CB tends to happen in highly
concentrated solutions. For the 100 mM sample, 5CB now emits more strongly at 375 nm
than at the original peak position of 330 nm, which suggests that excimers appear to be the
dominant emitting species. However, without being able to fully deconvolute the IFE and
excimer induced red-shifts, it is difficult to conclude this for certain. Therefore, both better
understanding excimer emission, and being able to effectively separate it from the primary
and secondary IFE, is key to properly understanding the photo-physical properties of nCB
liquid crystals.

4.3. 5CB—Front-Facing Measurements

Measurements of 5CB in methanol at concentrations of 100 mM and comparisons with
literature where excimer formation has been demonstrated in solutions of 5CB in IPA [21]
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demonstrate that excimers are present and that they influence the measured spectra. It is
also clear that above a certain system-dependent concentration, the IFE is very strong in
these optically dense systems, and this effect will be exacerbated for neat materials as the
nematic phase will have considerably higher scattering due to director fluctuations and
defect formation.

To minimise the IFE effects, measurements were performed in a front-facing geometry
using LC cells, as discussed in Section 3. As described in Figure 1c, fibre optics are used
both for the excitation light and for collecting the emission from the sample; the LC sample
was contained in a LC cell and placed on a hot-stage connected to a temperature controller.
The LC cells contained alignment layers on both the top and bottom substrates. These layers,
and the rest of the LC cell assembly, induce a stable and weak spectral contribution; this
contribution can be accurately removed by subtraction from the recorded data. This process
is shown in Figure 5a. For 5CB, a relatively highly fluorescent fluorophore, the empty cell
is not particularly significant; however, for very thin samples or samples with a lower
fluorescence output, this step can become extremely important.
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Figure 5. (a) Demonstration of the background subtraction process for 5CB at 40 °C. Emission spectra
of neat 5CB liquid crystal at (b) 40 °C (isotropic phase) and (c) 30 °C (nematic phase). The results
were obtained using front-face measurements in LC cells with various cell gaps. This is compared
with the result obtained from neat 5CB in a cuvette of 1cm path length using the 90° angle method
(orange solid line). (d) shows the cell gap dependence of emitted intensity, obtained by integrating
the area under the emission spectra, for isotropic (black squares) and nematic phases (red circles).

Figure 5b,c show the emission spectra of neat 5CB in its isotropic and nematic phases
respectively, which were obtained using front-facing measurements in both LC cells and in
a cuvette using the 90° angle method, respectively. The figure contains results from LC cells
of different cell gaps, varying from 2 to 110 um. These cells thus correspond to different
optical path lengths for the excitation and emission beams. In both the isotropic and nematic
LC phases, the IFE effects are minimised in the front-facing geometry compared with results
from cuvettes. Therefore, the spectra presented here are highly accurate emission spectra
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of 5CB without experimental artefacts. A comparison of measurements from cells and
cuvettes also demonstrates the magnitude of the IFE-induced spectral distortions in 5CB
(both in the nematic and isotropic phases).

Overall, spectra for all of the investigated cell gaps, for 5CB in both its isotropic and
nematic phase, show good agreement. This demonstrates that the resulting spectra remain
largely unchanged even though thinner cells show significant surface anchoring effects,
whereas for thicker cells (e.g., 110 um), the anchoring effects are much less relevant. At
30 °C, in the nematic phase, a good agreement between different cells is observed for front-
facing measurements. The spectra from the 110 um cell show a slight change compared to
the rest, which could be due an imperfect director alignment in the cell; this will increase
scattering effects and slightly change the spectra. However, these distortions are negligible
when compared to the significant differences between the spectra from cells and cuvettes,
where different peak positions, and shapes, are observed for cells vs. cuvettes.

The comparison of results from cells and cuvettes shows the significance of correct
consideration, and minimisation of the IFEs, in photo-physical studies. The effects of IFE
could also be used to understand the penetration depth of incoming light in optically dense
materials. We know that primary IFE attenuates the excitation light, which implies that the
sample fluorescence only has contributions from before this sample-characteristic depth.

Figure 5c shows a plot of the overall intensity, defined as the numerically integrated
area of the peak, as a function of the cell gap, for a 5CB LC in both its isotropic and nematic
phases. It is clear that by 20 um, the emitted intensity is significantly saturated, suggesting
that the measurement can only study the sample to a depth of around 20 um.

4.4. 5CB—Fitting the Emission Spectra

Once the emission spectra have been measured, a quantitative analysis can be con-
ducted. Often, Gaussian peaks are used to fit fluorescence data [42,45-49], although some-
times other peak types [50] are being used. The fitting of peaks to the fluorescence spectra
can be an important step and needs to be carried out correctly to reach correct conclusions
on the physical origin of these spectra.

Spectrometers record photon counts per wavelength; however, processes that act to
broaden emission spectra act on the energy scale, not on a wavelength scale. Furthermore,
inhomogeneous broadening effects such as Doppler broadening [51] and the solvent ‘cage’
effect, where the variations in local environment leads to a statistical distribution [52], often
result in the emission shape being Gaussian on an energy-based scale [53-55]. The wave-
length is inversely proportional to energy; therefore, the y-axis conversion from intensity
as a function of wavelength to intensity as a function of energy is not as simple as the
x-axis conversion. Instead, a Jacobian conversion is required to convert the y-axis of the
measured emission spectra. The conversion is needed before applying a fitting procedure
using Gaussians [56].

Due to the inverse relationship between wavelength and energy, measurements evenly
spaced on a wavelength scale will not be evenly spaced on an energy-scale. For exam-
ple, a properly converted constant signal on a wavelength scale will not be constant on
the energy scale; instead, the counts per unit energy is higher at lower energy/higher
wavelength, resulting in a curved behaviour. The conversion has an even more significant
effect on a Gaussian peak, and incorrectly fitting Gaussians on a wavelength-scale can
thus lead to erroneous results. Figure 6 shows how three Gaussians, differing only in their
peak positions, change shape when converted from wavenumber to wavelength scales.
Peak 1 (black; left in Figure 6a) and right in Figure 6b) is significantly stretched in width
and shrunk in height compared to peak 3 (blue; right in Figure 6a and left in Figure 6b).
Note that all the Gaussians in the wavelength scale plot (Figure 6b) have been normalised
relative to the tallest Gaussian, which has also been normalised to 1.
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Figure 6. (a) Arbitrary Gaussian peaks with the same height and width parameters evenly spaced on
a wavenumber scale. (b) The same arbitrary Gaussian peaks correctly converted to the wavelength
scale showing how Gaussian-shaped spectra are asymmetrically stretched on the wavelength scale
vs. the wavenumber.

The Jacobian conversion is defined as

f(B) = FO0 %, ©)

where E is the energy and A is the wavelength, although E can be any quantity that is
proportional to the energy. For the wavenumber-scale, this means that

f@) = —f(MA?, (10)
where 7 is the wavenumber and
_ 1
v= T (11)

Once the data have been correctly converted, Gaussians can be fitted to obtain details
about the spectra. A good general approach is to first perform a fit using only a single
Gaussian, which is followed by checking the resulting fit residuals. If the fit residuals show
only random noise, the Gaussian fit can be accepted. However, if the residual demonstrates
a trend beyond random noise, an approach using a sum of multiple Gaussians can be
attempted. The investigation of the residuals is repeated until a sufficiently good fit
is obtained.

Figure 7 shows the emission spectrum of 5CB in its isotropic phase at 60 °C. The graphs
show the results of fitting (a) one and (b) two Gaussians to the experimental spectra. For the
single Gaussian fit, the residual contains a significant structure clearly not resulting from
random noise. This is also clear from Figure 7a, which further confirms the inadequate
quality of the fit. By adding a second Gaussian, the structure in the residuals is significantly
decreased, and a good agreement between the fit and the data are observed, as shown
in Figure 7b. For 5CB, the dual Gaussians correspond to ‘monomer’ emission and ‘ex-
cimer’ emission for the high wavenumber (lower wavelength) and low wavenumber (high
wavelength) peaks, respectively. For the cuvette measurements, only a small emission
shoulder at 350 nm (28,600 cm™!) is observed for the monomer contribution (Figure 4
100 mM), suggesting that the excimer emission is the dominant contribution. However,
due to the dominance of IFE, this is difficult to conclude with certainty. Using front-facing
measurements, the IFE can be significantly reduced, and hence it can be concluded with
certainty that the excimer emission is the dominant contribution even at 60 °C, which is
25 °C above the transition to the nematic phase. Since excimer formation has been linked
to AP pair formation in cyanobiphenyl liquid crystals [23], from front-facing experimental
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results, it is clear that the AP pair formation occurs far from the nematic phase, which is
in agreement with the measurements made using dielectric spectroscopy on these liquid
crystals [57].
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Figure 7. Results from fitting (a) a single Gaussian peak and (b) a double Gaussian peak to the
emission spectra of 5CB in the isotropic phase using front-facing measurements. Figures (c¢,d) show
the fitting residuals. Studying the fitting residuals here shows how a single Gaussian does not
adequately describe the emission spectra of 5CB at this temperature.

The approach discussed here can be applied to the emission spectra of materials in
general, and even though the interpretation of the physical/molecular origin of each fitted
Gaussian is not necessarily trivial, performed correctly, this simple analysis can allow for a
deeper understanding of the photo-physical properties of materials [58].

5. Conclusions

Fluorescent LCs are highly desirable for a wide variety of applications. However,
measuring, understanding, and interpreting their photo-physical properties can be difficult
due to secondary effects such as the IFE. Both highly concentrated LC solutions, and neat
LCs, are optically highly dense and even though IFEs are present in almost all photo-
physical measurements, they are exacerbated in optically dense media. This paper provides
a systematic investigation of how IFEs can manifest in the fluorescence data. We illustrate
the effects for two classes of materials, using (i) the fluorophore, Nile red, which does not
show any spectral changes due to aggregation/collective behaviour for the solvents used
here, and (ii) the liquid crystal, 5CB, which shows excimer formation at high concentrations
and in neat solutions. The influences of solute concentration and optical path length on
the results and the interpretations are discussed in detail. We demonstrate that by using
front-face measurements, spectral distortions can be minimised, resulting in highly accurate
emission spectra. Once, accurate spectra are obtained, the Jacobian wavelength-to-energy
conversion should be used for correct descriptions of the peak behaviour; this procedure
is illustrated using a sum of two Gaussians to describe the monomer and the excimer
emission contributions, respectively, for 5CB.
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Abstract: Machine learning-based image recognition is employed to investigate the annihi-
lation dynamics of umbilic defects induced in systems of nematic liquid crystals doped with
nanoparticles. A machine learning methodology based on a YOLO algorithm is trained
and optimized to identify defects of strength s = +1 and determine their trajectories during
the annihilation process of umbilics of opposite sign. Universal scaling laws describing
the distance between two defects as a function of time to annihilation are determined, and
average scaling exponents « are calculated for an ensemble of events. It is observed that
the defect annihilation scaling exponents deviate from the theoretically predicted value
of « = 1/2 when nanoparticles of varying size and concentration are introduced to the
system. Scaling laws of the form D~t* do not yield the typical square-root law normally
observed, but the experiments suggest a decrease in the exponent to saturation values of
approximately o = 0.38 & 0.01 as the size, particle concentration, and mass concentration of
the nanoparticles is increased. Interestingly, the defect density itself is not affected, which
implies that the nanoparticles do not act as defect formation sites.

Keywords: liquid crystal; nematic; defect annihilation; topological defect; umbilic; universal
scaling law; machine learning

1. Introduction

The coarsening dynamics of nematic liquid crystal topological defects have been
studied by a number of authors ever since an analogy to cosmological defects was formu-
lated [1]. Investigations have been carried out both experimentally and via simulations
and theory. Experimental studies have included string defects [1-4] and defect loops [4,5]
but were mainly concentrated on the annihilation of defect pairs of opposite sign and
equal strength [6-8], as they are found in the schlieren textures of the nematic phase after
a temperature or pressure quench from the isotropic liquid. These defects can have a
strength of s = £1/2 or s = &1: they are singularities in the nematic director field and are
illustrated in Figure 1, both as a texture observed experimentally via polarizing microscopy
and schematically. In an ideal, infinite sample, the total sum over all defects will be equal
to zero.
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Figure 1. Nematic schlieren texture obtained after a temperature quench from the isotropic liquid
between crossed polarizers, illustrating the four singular defects with strengths of s = +1/2 and
s = %1, also shown schematically (reproduced from ref. [9] with permission).

These types of topological defects arise in many physical systems, such as in cosmol-
ogy [10], super-fluids [11], solid-state materials [12], active matter [13], and biological [14]
and living systems [15]. It was found that liquid crystals are simple model systems to study
the mechanisms and dynamics of symmetry breaking through phase transitions, during
which topological defects are formed [16].

As liquid crystals are elastic fluids, the defect dynamics can be described by contin-
uum theory, provided that the defect motion is overdamped and adiabatic [17]. Previous
experimental work has shown that the dynamics of defect annihilation comprise a complex
combination of elastic attractions, viscous drag forces, backflow effects, director configu-
rations, and cell confinement [18]. In this analysis, however, only elastic attractions and
viscous drag forces are considered, and elasticity is treated in the one-constant approxima-
tion Kq1 = Ky = K33 = K, i.e., splay-, twist-, and bend-elastic constants are taken as equal
in magnitude.

Considering two defects of strength s; and s, separated by distance D, the attractive
elastic force is given as follows:

K
Fepast = 27‘[51525 1)

The drag force for a defect of strength s with velocity v in a film with no flow is given
as follows [19]:
Firae = 7Tys20 In 36 2)
drag — Y E

|
where 7 is the rotational viscosity and E; is the Eriksen number, equal to the ratio of viscous
to elastic forces.

Equating the elastic and drag forces yields a terminal velocity of defects as follows:

v = ii )

vIn (%)D
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Integration gives the following:

/ D'dD’ = + / n(E )

and thus, oK
F—~(t—ty) (@)
()

The distance between two annihilating defects therefore follows a simple scaling law

D3(t) =

of the following form:
D(t) ~ (to—1)" ©6)

where tj is the time of annihilation and « is the scaling exponent, which takes a value of
1/2 according to the simple considerations above. A more explicit theoretical treatment, as
well as computer simulations [20-24], support the scaling law of D(t)~(ty — #)'/2, which is
indeed also found experimentally [6-8].

The symmetry-breaking phase transition from isotropic to liquid crystal is often
induced by temperature quenches, as in the case of the nematic phase [6], but also for
smectic C [25] or nematic polymers [26,27]. Equivalent is the use of another intensive
variable of state: pressure quenches to induce the symmetry breaking phase transition and
the formation of defects [1,4-6]. We here utilize a somewhat different mechanism to induce
defects in the form of the application of electric fields to a dielectrically negative nematic
liquid crystal subjected to homeotropic boundary conditions—the Freedericksz transition,
as it is commonly called. The director switches from a homeotropic to planar orientation,
while the substrates provide no in-plane directionality and thus cause a large number of
defects to be formed. These defects are called umbilics, and they are not singularities in
the director field [28-30]. Nevertheless, they represent very localized regions of escape,
where the director reorients parallel to the electric field, while the in-plane component
of the director rotates through +27. This resembles closely the s = 1 defects, except
that the parallel alignment of the core matches smoothly onto the homeotropic surface
anchoring instead of ending in singular points. The scaling laws of defect annihilation are
equivalent to those of the schlieren defects discussed above, which has been demonstrated
in a number of experiments [7,8,31,32] with a varying range of external parameters such
as applied electric field amplitude and frequency, cell gap, and temperature, as well as
nematic LC material. The advantage of using this methodology to induce defects lies in the
fact that a much cleaner system of defects is obtained with only s = +1 and s = —1 defects
being present.

In all cases of experimental, theoretical, and simulation work for various defect gener-
ating methods as well as different liquid crystal materials and external applied conditions,
the above scaling law D(t)~(ty — H)1/2 was confirmed to hold and is thus seen to be univer-
sal. In this paper, we investigated the defect annihilation and its corresponding scaling
exponent for a nematic liquid crystal with dispersed nanospheres at varying concentrations
and sizes. The experimental results appear to indicate a deviation from universality, and it
would be of much interest to see theoretical and simulation work investigating this problem
further to shed further light on this issue.

2. Experimental
2.1. Materials and Experimental Data

The nematic liquid crystal used in this investigation was N-(4-Methoxybenzylidene)-
4-butylaniline (MBBA) from Synthon Chemicals, Bitterfeld-Wolfen, Germany, which was

124



Crystals 2025, 15, 214

combined with varying amounts of barium titanate nanoparticles of differing sizes between
45 and 500 nm (Nanografi, Jena, Germany). Both materials were used as received. The
liquid crystal MBBA has a negative dielectric anisotropy of approximately Ae ~ —0.75 [33].
Dispersions were made by mixing the nanospheres into MBBA with isopropanol at (i) vary-
ing mass concentrations from 0.01 to 0.4% for a constant nanosphere diameter of 280 nm
(thus varying the particle concentration from 0.00006 to 0.003%, assuming spherical par-
ticles of uniform density), (ii) varying nanosphere size from 45 to 500 nm at a constant
particle concentration of 0.0002% (thus varying the mass density from 0.00015 to 0.2%), and
(iii) varying nanosphere size from 45 to 500 nm at constant mass concentration of 0.1% (thus
varying the particle concentration from 0.15 to 0.0001%). After solvent evaporation and soni-
fication of the dispersions for 15 min, the materials were filled into ITO-coated Hele-Shaw
cells of 15 pm thickness via capillary action in the nematic state at room temperature.

Defects were induced through the application of electric fields well above the Freeder-
icksz threshold at a voltage amplitude of 20 V peak-to-peak with a frequency of 50 kHz
(Agilent 33220A function generator and in-house built power amplifier). Defect formation
and annihilation were followed using polarizing microscopy (Leica Optipol) in combination
with a digital video camera (UI-3360CP-C-HQ, uEye Gigabit Ethernet) at a frame rate of
30 frames per second and resolution of 2048 x 1088 pixels, corresponding to 1546 x 821 um.
The transient defect formation process lasted about 3 s, and the following annihilation
process was recorded for at least 3 min (180 s). Figure 2 shows an exemplary time series
during defect annihilation of a MBBA /370 nm particle system. Many defect annihilation
events can be observed over time, while the defect density decreases.

-

Figure 2. Annihilation of umbilic defects, exemplarily depicted as a time series for a sample of MBBA

with 370 nm nanoparticles at a mass concentration of 0.1%.

Time series of frames extracted from video sequences therefore offer a large number of
defect pairs that can be analyzed simultaneously, if the individual defects can be recognized
automatically. To this end, a machine learning algorithm was utilized.
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2.2. Computer Vision and Image Recognition

To detect the defects in the videos taken, a machine learning architecture called
YOLOVS5 (by Ultralytics) was used. YOLOVS5, which is short for “You Only Look Once
version 5”7, is an object detection algorithm developed using PyTorch 2.1.2 that enables
fast custom object detection. In general, the YOLOV5 algorithms consist of three parts: the
backbone, the neck, and the head. The backbone of the YOLOv5 model is a convolutional
neural network that aggregates and forms image features at different granularities, i.e.,
it detects different objects in images provided. The neck is a series of layers to mix and
combine image features to pass them forward to prediction, and the head consumes features
from the neck, classifies the detected objects, and encases them in bounding boxes. The
architecture comes with four prebuilt models, with near-identical methods of operation,
differing only in the size of the models themselves: YOLOv5s (small), YOLOv5Sm (medium),
YOLOVSI (large), YOLOV5x (extra-large). The small YOLOv5 model consists of 283 mostly
convolutional layers, while the extra-large model consists of 604 layers. YOLOVS5 is an
object detection algorithm that is well known due to its fast object detection and high
accuracy [34]. From testing the various model sizes that are available, it was concluded that
YOLOv5s was sufficient to produce a reasonable precision for our anticipated application
while maintaining fast inference times. The YOLOv5 models are pretrained on many
different commercially available datasets, such as COCO—Common Objects in Context.
However, since topological defects are not commonly found objects such as cats and dogs
are, the models needed to be manually trained on a custom dataset, as discussed below.

To train YOLOVS5 to recognize the topological defects, a labelled dataset of nematic
4-fold defects was assembled. This was done using an online tool called Roboflow, which
enables drawing bounding boxes around objects in images and labelling each class of
objects. A total of 380 images were processed via the online platform Roboflow in order
to use the Roboflow Annotate tool; this allowed each defect to be classified and manually
labelled with a bounding box. Within Roboflow, the training images were then augmented
and preprocessed to provide the model with more data; a random selection of images
was rotated, flipped, or divided into four. To achieve maximal accuracy in the detection
of the defect positions, care was taken during the labelling process. The bounding boxes
were made as small as possible without generating oversight of defects, and the defect
“singularity” was centered within each bounding box. Testing the models produced by
YOLOVS5 on different versions of the labelled dataset over 100 epochs demonstrated that
the tighter bounding boxes were more suitable for purpose within this investigation.

To quantify the tests, precision and recall were calculated, which are performance
metrics defined as follows:

. relevant retrieved instances tp
precision = - - =
all retrieved instances tp+fp
and ) .
relevant retrieved instances tp
recall = - = ,
all relevant intances tp+ fn

where tp are true positives, fp are false positives, and fn are false negatives. A higher
precision implies that an image recognition algorithm returns more relevant results than
irrelevant ones. A higher recall means that an algorithm returns most of the relevant results.

Loss scores are also used to evaluate the success of an object detection model [35].
For example, in YOLOVS5, the box loss measures how successfully bounding boxes locate
the centers and areas of objects. Class, or CLS, loss measures to what degree a model
misclassifies objects, which is irrelevant here, as we only have one class. Thus, class loss is
equal to zero. Object loss gives a score of how probable it is that an object resides within a
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(a) precision

predicted bounding box [36]. An exemplary set of metrics is depicted in Figure 3 over a
training period of 100 epochs.

(b) recall

$ cpochs

Figure 3. Exemplary demonstration of the metrics to optimize the object recognition algorithm over
100 epochs: (a) precision, (b) recall, (c) box loss, and (d) object loss.

The so-called ‘best” weights were extracted, which optimized precision vs. recall and
were then used to analyze videos of defects. These videos were sped up by three times
to reduce runtime, which was adequate given the large number of frames per second.
They were also cropped to remove the sections prior to and including defect formation,
concentrating on defect annihilation.

DeepSORT (Simple Online and Realtime Tracking with a Deep association metric) is
an object tracking software [37]. A notebook in Google Colab was used with DeepSORT in
order to track the defects in the videos, analyzing them on a per-frame basis and producing
further videos showing bounding boxes on the defects with confidence levels, as depicted
in Figure 4. The confidence level here is of the order of 0.65, which is sufficient, as only one
class of defects is studied. For other cases, this could be improved through the use of larger
training datasets.

By observing the video with tracked defects, appropriate defects within an annihilating
pair were selected, and the distance D(t) between annihilating defect pairs was calculated
as a function of time.
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Figure 4. (a) Test data illustrating that the trained algorithm not only recognizes the defects with
excellent accuracy but (b) also places the defect “singularity” in the center of the bounding box, which
guarantees highly accurate (x,y)-positions of the tracked defects. The information for each defect is
the identification number, the class (here, only 4-fold defects), and the confidence level.

3. Experimental Results and Discussion

Firstly, it should be mentioned that for consecutive measurement series, defects are
not formed in the same locations for each experiment. Nevertheless, this does not imply
that there are no nanoparticles at the center of the defects because the former are generally
attracted to defects and interfaces. Given the size of the nanoparticles employed, this cannot
be verified using optical microscopy. At first, the defect density, i.e., the number of defects
per unit area, was investigated for varying nanoparticle sizes at a constant concentration, as
well as varying concentrations at a constant particle size. Some exemplary texture series are
depicted in Figure 5 for varying the particle size from 45 nm to 500 nm at a concentration
of 0.2% (part (a)) and for varying the nanoparticle concentration from 0.01% to 0.4% for
a constant particle size of 280 nm (part (b)). In each case, the frame at time t = 30 s is
selected for comparison. It is interesting to note that the defect density is almost constant
and independent of nanoparticle size and nanoparticle mass concentration.
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Figure 5. Textures at t = 30 s and corresponding number of defects observed (a) as a function of
nanoparticle size at a concentration of 0.1% and (b) nanoparticle mass concentration for a particle
size of 280 nm.

This implies that the addition of nanoparticles neither appears to influence the defect
formation nor the attractive force between the defects. At the same time, the defect density
o(d,ct) = p(t), with d being the particle size and c being the particle concentration, and in
this particular case analyzed above, p(f = 30 s) = (33 + 4) mm 2.

Figure 6 is an exemplary demonstration of defect distance acquisition and subsequent
determination of the defect annihilation exponent « from the obtained position data ac-
quired via machine learning as a function of time. In Figure 6a, the original data D(f)
are depicted, which are clearly described by a nonlinear relationship D(t)~(ty — t)*. The
annihilation exponent can then be calculated from a log-log representation, which exhibits
a linear scaling regime after some time following the application of the electric field. At
early times, the relation is not suitable for analysis because of the convolution of two
simultaneous processes: defect formation and defect annihilation.

It should be pointed out that this linear scaling regime is observed for all of the
subsequent measurement series, but care needs to be taken to avoid the regime of overlap
between formation and annihilation of defects. This way, we could analyze between 6
to 40 defect pairs for each of the individual nematic nanoparticle dispersions. Outliers,
such as defects that become trapped with dust contamination within the liquid crystal,
were removed from the dataset considering the Chauvenet criterion, which defines an
acceptable scattering of values around the mean value from N measurements. This is a
widely accepted and soft-touch approach to identify outliers, even for small datasets.
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Figure 6. (a) Original data of D(t), determined via machine learning, and (b) log-log representation
for the determination of the annihilation exponent « from the slope of the linear scaling regime.

3.1. Variation of Mass Concentration at a Constant Particle Size

With this, we can proceed to discuss the annihilation exponents as a function of
nanoparticle mass concentration at constant particle size of 280 nm, which is close to the
middle of the investigated size range. The results are shown in Figure 7, with the red curve
being a guide to the eye.
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Figure 7. Scaling exponent « as a function of nanoparticle mass concentration at a constant particle
size of 280 nm.
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At first, one can notice that for the neat liquid crystal, it is found within the limits
of error that o« = 0.49 = 0.02; thus, x = 1/2, as expected from theoretical predictions and
simulations [20-24] and confirmed by a range of experiments [6-8,31]. For increasing mass
concentrations, the annihilation exponent decreases before saturating at approximately
a = 0.37, which is clearly smaller than o =1/2.

3.2. Variation of Particle Size at a Constant Particle Concentration

In the next series of experiments, the nanoparticle concentration was kept constant at
0.0002% and the particle size was varied between 45 nm and 500 nm, thus also varying the
mass concentration (Figure 8).
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0.38

0 100 200 300 400 500
Nanoparticle Size (nm)

Figure 8. Scaling exponent « for variations in particle size at a constant nanoparticle concentration
of 0.0002%.

Within the limits of error, the neat liquid crystal shows a value of the annihilation
exponent near 1/2, ot = 0.483 4= 0.007, as expected. Again, the for the particle-laden systems,
the annihilation exponent decreases, approaching a value of approximately « = 0.39, clearly
lower than the predicted exponent.

3.3. Variation of Nanoparticle Size at a Constant Mass Concentration

In the last experimental series, the nanoparticle size was varied between 45 and 500 nm
at constant mass concentration of 0.1%, thus also varying the particle concentration. The
results are shown in Figure 9.

The exponent of the neat liquid crystal once again follows the predicted behavior,
showing a value of a = 0.49 + 0.02, which reproduces the predicted annihilation exponent
of 1/2. The exponent decreases and saturates at a value of about & = 0.37.

The experiments in general suggest that neat liquid crystals, independent of their
molecular species and of applied external conditions such as confining cell gap, applied
electric field amplitude and frequency, or temperature, away from the vicinity of phase
transitions, follow the predicted behavior based on theory and computer simulations.
Nevertheless, nanoparticle-doped nematics appear to produce deviations from the accepted
behavior, not with respect to the number density of defects observed when the nanoparticle
size or concentration is varied, but rather with respect to the fundamental dynamics of
defect annihilation, changing respective scaling exponents.
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Figure 9. Defect annihilation scaling exponent « for variations in particle size at a constant mass
concentration of 0.1%.

A possible explanation could be the accumulation of particles at the defects as the time
to annihilation proceeds. It is known that nanoparticles accumulate within defect regions
and at interfaces. Even though the particles do not appear to be acting as defect nucleation
centers, they can be collected within the defect region while the defect moves through the
liquid crystal-nanoparticle dispersion and also through diffusion and attractive forces. This
can vary the defect velocity, as discussed below in relation to Figure 10, and thus change
the drag force Fyrag (Equation (2)) with time. A number of factors would play into this
scenario: (i) particle concentration, because more particles would be accumulated for higher
concentrations within the same time, and (ii) particle size, because the larger the particle,
the smaller the velocity caused by a constant drag. The velocity v (Equation (3)) would
then become a function of time t, parametrized via particle concentration and particle
size, which would change the obtained scaling exponent in Equation (6). It is justified
to assume that there is a certain maximum number of particles of a given size which a
defect can accommodate, explaining the saturation of the exponent « for increasing particle
concentration, size, and thus overall mass. It would be of interest to verify such behavior
through computer simulations.

It is known based on theory and simulations [38,39] that attracting defects during
the annihilation approach often travel in an S-shaped trajectory. A similar behavior is
also observed in the experiments presented here, with an exemplary trajectory shown in
Figure 10, which was determined via the same machine learning algorithm as outlined
above. This shows that, ideally, machine learning in the future will facilitate investigation
of this phenomenon in detail and provide insight into the fundamental mechanism of this
type of dynamic behavior.

However, it is also known from experiments and simulations [32] of undoped liquid
crystals that in general, the s = +1 defect has a speed about twice that of the s = —1 defect,
U(+1) = 20(_1), which is attributed to backflow effects [32,40]. The obtained data in Figure 10,
on the other hand, suggest very equal speeds for both defects of opposite sign, indicating
a reduction of v(41) compared to a pure liquid crystal without nanoparticles. Possibly,
the addition of nanoparticles prevents or diminishes backflow effects and modifies the
viscous drag force, thus causing deviations in the generally observed behavior during
defect annihilation and its scaling compared to non-doped systems.
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Figure 10. S-shaped trajectory of two defects approaching the point of annihilation. Particle size is
280 nm at a mass concentration of 0.1%.

4. Conclusions

By training and optimizing an image recognition algorithm based on machine learning,
we were able to investigate the defect annihilation dynamics for an ensemble of annihilation
events of umbilic defects of strength s = &1 in detail. While the defect density is not af-
fected by the addition of nanoparticles of various sizes and concentrations, the annihilation
exponent is clearly affected when compared to the neat nematic liquid crystal system. The
undoped nematic follows the predicted scaling law of square root functionality with expo-
nent oc = 1/2, while the addition of nanoparticles decreases the exponent by approximately
25% to saturate at about o = 0.38 = 0.01 for increasing particle size and increasing particle
concentration. A qualitative explanation is proposed. The experimental behavior suggests
that for dispersions, the scaling of topological defect annihilation might be altered, despite
the fact that changes in external conditions, such as liquid crystal material, applied electric
field amplitude or frequency, temperature, and confining cell gap have been shown to not
affect the respective scaling law.

Furthermore, the S-shaped defect trajectories, which have been predicted theoretically
and via simulations, were experimentally verified, which have been proposed theoretically
and via simulation. Nevertheless, the previously observed speed anisotropy of defects of
opposite sign, which is attributed to backflow effects, could not be observed in nanoparticle-
doped systems. One possible explanation is that the dispersed nanoparticles diminish
backflow, which might also be the reason for the modified annihilation scaling laws. It
would be of fundamental interest to further investigate this issue theoretically or with
computer simulations.
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Abstract: Recent experiments devoted to characterizing the behavior of sessile ferroelectric liquid
droplets on ferroelectric solid substrates have shown the existence of a droplet electromechanical
Rayleigh-like instability. The instability is induced by the bulk polarization of the ferroelectric fluid,
which couples to the polarization of the underlying substrate through its fringing field and solid—fluid
interface coupling. With the aim of characterizing this phenomenon, namely the coupling between the
polarizations of a fluid and a solid material, we studied the behavior of ferroelectric liquid droplets
confined between two solid substrates, arranged in different configurations, realized to generate
fringing fields with different profiles. The results show that the features of the droplets instability are
indeed affected by the specific fringing field shape in a way dominated by the minimization of the
electrostatic energy associated with the bulk polarization of the ferroelectric fluid.

Keywords: ferroelectric nematic liquid crystals; lithium niobate; fringing field; polarization coupling

1. Introduction

The discovery of the ferroelectric nematic phase [1-5] was a groundbreaking event,
since the combination of fluidity in ferroelectric fluid and its polar coupling to electric fields
allow the observation of a whole new world of phenomena, which are rapidly becoming
the focus of an increasing number of scientists, as demonstrated by the large number of
peer review articles already published on the subject [6-16].

In this scenario, we recently performed experiments aimed at characterizing the be-
havior of sessile ferroelectric nematic liquid crystal droplets into contact with a ferroelectric
solid substrate [8]. We observed that upon entering the ferroelectric nematic phase, droplets
experience an electromechanical instability that manifests itself through the sudden ejec-
tion of fluid jets, which branch into smaller streams and eventually form secondary tiny
droplets [8]. This behavior resembles the instability predicted by Lord Rayleigh in 1882, for
charged conductive liquid droplets that are above the critical charge-to-volume ratio [17].
Since ferroelectric nematic droplets are neutral, in our case this process occurs in the ab-
sence of free charges, but the required charging within the droplet arises from the intrinsic
polarization of the ferroelectric liquid crystal via its contact with the ferroelectric substrate.

The coupling between the polarization in the solid and fluid materials is mediated by the
fringing field generated by the pyroelectric charging of the substrate. This polarization
coupling induces the accumulation of surface charges on the droplet-air interface. As the
droplet polarization grows by cooling the material, the local accumulation of polarization
charges produces repulsive forces that overcome the surface tension. As this condition is
met, the instability turns to an explosive runaway process, since the flow of the ferroelectric
liquid crystal in the arising jet induces the orientational order of the nematic director along

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Crystals 2024, 14, 425. https:/ /doi.org/10.3390/ cryst14050425 136 https:/ /www.mdpi.com/journal/crystals



Crystals 2024, 14, 425

the jet direction. This transports polarization charge to the tip, thereby increasing the
electrostatic repulsion.

The observed polarization-induced droplet instability crucially depends on the prop-
erties of the ferroelectric nematic phase and on the combination of polarization and fluidity
unique to this system. Ferroelectric nematic liquid crystals offer for the first time the
opportunity of studying the coupling between the polarization of a fluid and a solid ferro-
electric, which understanding might provide the basis for novel electro-hydromechanical
applications.

In this work, we aim at characterizing in detail the effects of the fringing field created
by the ferroelectric substrate on the droplets’ instability. To this purpose, we did not work
with sessile droplets but confined them between two ferroelectric substrates arranged
in two different ways, to generate fringing fields with different profiles. Specifically, we
realized sandwich cells where the substrates’ polarization vectors are parallel or antiparallel
to each other, so to develop opposite or equal surface electrostatic charges at the interfaces
with the liquid crystal droplet.

Noteworthy, conventional nematic liquid crystals in combination with ferroelectric
substrates have been studied in several different configurations see for example [18,19].
The consequence of substrate charging on the liquid crystal’s average molecular orientation
has been demonstrated; however, no effect comparable to those observed with ferroelectric
nematic droplets has been reported.

2. Materials and Methods

The ferroelectric liquid crystal used in this work is 4-[(4-nitrophenoxy)carbonyl]phenyl
2,4-dimethoxybenzoate (RM734). This compound was synthesized as described in [1], and
its structure and phase diagram have already been reported [1]. The ferroelectric nematic
phase (N) appears here through a weakly fist order phase transition upon cooling from the
conventional higher temperature nematic (N) phase and is stable in the temperature range
133-80 °C [1]. The value of the spontaneous polarization P of RM734 exceeds 6 uC/cm? at
the lowest temperature in the Ny phase; moreover, P is locally collinear to the molecular
director n, defining the average orientation of the molecular axis, and is either parallel or
antiparallel to it [1].

As ferroelectric solid substrates, we used 900 um thick z-cut undoped lithium niobate
(LN) crystals (PI-Kem). Although the bulk spontaneous polarization of LN crystals along
the [0001] z-axis is of the order of 70 uC/ cm?, because of very efficient compensation
mechanisms at the z-cut surfaces, the surface charge at equilibrium is only of the order of
about 1072 uC/cm? [20]. When, however, temperature variations are induced in the crystal,
the surface charge of LN can significantly increase thanks to the pyroelectric effect [21-23],
a transient phenomenon observable during and shortly after the temperature variation, and
due to the slow free charge relaxation in LN. The pyroelectric coefficient of undoped LN is
known to be of the order of 10~% C/m?K at room temperature [24], increases by one order
of magnitude around 100 °C [25]. Given the temperature used in our experiments, dictated
by the RM734 phase diagram, we can thus expect an induced surface charge density of the
order of 1 uC/cm?, for temperature variations of a few degrees, ramped in a short time
compared to the LN charge relaxation. To match the conditions of the previous work on
sessile droplets [8], LN crystals were used as bare substrates, with no coating applied.

To prepare the samples used in this work, a RM734 droplet was deposited on a LN
substrate at a temperature T = 200 °C, which corresponds to the liquid crystal isotropic
phase, and then covered by a second LN slab, previously heated at the same T. RM734
droplets were realized following two steps. First, a small amount of RM734 powder was
deposited at room temperature on a clean glass slide and heated to 150 °C until it melted.
To create the initial droplets, a cold stainless needle was dipped into the melt and retracted,
causing the droplet on its tip to solidify upon contact with the surrounding air. To increase
the size of the RM734 “pearl”, rapid (to avoid re-melting) successive dipping is performed.
Then, the pearl was remelted into a droplet on the heated LN substrate. The two substrates
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were then stuck together by means of two 100 um thick stripes of Kapton tape, which also
define the cell thickness. The liquid crystal droplet confined between two solid substrates
assumes the form of a capillary bridge (Figure 1a). The entire cell was then transferred
to a small, closed oven, suitable for the optical microscope, and cooled down to the Ny
phase. In order to perform a systematic analysis of the instability events, we decreased
the cell temperature by steps of 5 °C ramped in 60 s each, resulting in a cooling rate of
0.08 °C/s. Due to the structure of the oven used, the temperature variation is the same in
the entire cell, which guarantees the same amount of pyroelectric charging on both the LN
confining crystals.
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Figure 1. Sketch of the liquid crystal cells used in this work and fringing field profile and value in the
two configurations. (a) The left-hand side shows the sketch of an RM734 droplet confined between
two LN slabs, assuming the form of a capillary bridge. The two LN substrates in the sketch have
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parallel polarization vectors and develop opposite charges at the interface with the liquid crystal,
which corresponds to the np/np configuration. Right-hand side reports the normalized fringing
field with its z and x-components at y = 0. The top line refers to np/np, the bottom line to np/pn.
(b) Vertical (E;) and in-plane (E;) components of the fringing field at different positions along the
cell thickness d, for the np/pn configuration. (c) Same as panel b, for the np/pn configuration. The
maximum values of the fringing field are | Eg | max = 843 V/cm for np/np and | Egf | ax = 321 V/cm
for np/pn.

The liquid crystal cells realized with two LN substrates are of two different kinds.
Specifically, LN crystals were arranged so as to expose equally or oppositely charged
surfaces at the interfaces with the liquid crystal, as sketched in Figure 1a. The two con-
figurations will be referred to as np/pn and np/np, where n and p stand for negative and
positive, respectively. Noteworthy, the large thickness of the cells (100 pm) makes the
droplets’ volume high enough to balance the additional friction due to confinement and the
much lower thermal gradients on the LN substrates resulting from the closed arrangement.

The details of the electromechanical droplets’ instability have been analyzed by POM
observations and videos recorded by a CCD camera operating at 25 frames per second.

3. Results and Discussion

Due to the finite size of LN crystals, their pyroelectric charging gives rise to an external
fringing field. This field is a fraction f of the internal field o1/ €0, with f depending on the
crystal shape and size, and of the order of f ~ 1073 in our experimental conditions [8]. The
fringing fields generated by the LN slabs combine in different ways in np/np and np/pn
cells, which results in different profiles and values of the total field present within the
region between the substrates. The total fringing field Eg in the two cells, in the absence of
the liquid crystalline fluid bridge, is reported in Figure 1. Figure 1a shows the normalized
field E (intensity and lines) and its x- and z-components on the xz plane at y = 0 for the
two configurations (top: np/np; bottom: np/pn). The np/pn arrangement gives rise to a
total fringing field, which is mainly vertical and quite uniform along the cell thickness.
The x-component is different from zero, although very weak, only close to the substrate’s
corners. On the contrary, the np/pn configuration produces a total fringing field with a
very weak vertical component, different from zero only at the corners, and an x-component
that is uniform along the thickness, and increases from the center to the edges of the LN
plates. The vertical and in-plane field components are reported in panels b (np/np) and ¢
(np/pn) at three different positions along the cell thickness d: z=0,z =d/2 and z = d. For
the in-plane component E;, the field lines are also shown. They are radially distributed on
the xy planes. The absolute values of the field are also different in the two cells, being about
8.4 x 10° V/m for the np/np cells and 3.2 x 10° V/m for the np/pn ones (maximum values).

The specific profile of Eg affects the features of the electromechanical instability of
the N fluid bridge. In particular, (i) the number of instability events observed within the
temperature window corresponding to the N phase, (ii) the number of ejected fluid jets
for each of these events and (iii) the temperature at which these events start, depend on
the specific substrates” arrangement. This is shown in Figure 2a, where the number N of
observed fluid jets is reported as a function of the instability temperature T;, defined as
the temperature at which the instability event takes place. Different colors correspond
to different kinds of cells. It is evident that the instability starts at higher temperatures
in np/np cells, which thus exhibit the highest number of instability events. Moreover,
these events are, on average, characterized by the highest number of ejected jets. Since a
higher temperature corresponds to a lower value of the Np polarization P [1], the results in
Figure 2a indicate that in np/np cells, the charging threshold is reached for lower values of
P than in the other kind of cells.
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Figure 2. (a) Number of fluid jets ejected for each instability event for np/np (black squares) and
np/pn (red circles) cells, as a function of the instability temperature Tj; (b) average radius of the
Nr fluid bridge measured from the cells’ top view, after each instability event for np/np (black
squares) and np/pn (red circles) cells, as a function of the instability temperature T;. Full lines are just
guides for the eyes. Data shown in the figure are related to two specific cells. However, the same
measurements have been repeated several times on different samples and gave similar results.

The np/np configuration, with its mainly vertical and uniform fringing field, is similar
to the geometry used by Mathe et al. in [26]. In their study, a ferroelectric fluid bridge
was confined between two conductive glasses and an external electric field was applied
perpendicular to the cell substrates. The instability caused by this field was interpreted
as a kind of labyrinthine instability, already observed both in magnetic fluid exposed to
a magnetic field orthogonal to the bounding plates and in dielectric fluids [27-29]. In
both cases, the presence of a gap separating the fluid from the magnetic poles or from the
electrodes is necessary for the instability to take place. Such a gap allows the presence of a
field component parallel to the plates. In our case, the gap is intrinsically present since LN
is itself an insulator.

The presence of the ferroelectric fluid bridge changes the fringing field profile re-
ported in Figure 1. In np/np cells, this change consists in the appearance of an additional
component of the field parallel to the bounding surfaces. It is known that the bulk po-
larization of the N liquid crystal spontaneously self organizes to minimize the internal
and external electric fields. Generally, P will end up parallel to the interfaces to avoid
the accumulation of surface charge o = P.u (where u is the unit vector perpendicular to
the surfaces). Additionally, P will adopt bend deformations, which do not produce space
charge, thus preventing nonzero V-P as much as compatible with geometric constraints.
In the presence of the fringing field, which in this geometry is mainly normal to the LN/Npg
interface planes, the ferroelectric nematic becomes polarized. This happens through a small
reorientation of P by an angle such that it deposits polarization charge on the fluid bridge
surfaces, canceling the internal field, a peculiarity of the Ny phase referred to as “fluid
superscreening” [8,13]. This process leads to a mismatch between the field inside the bridge
and the one outside. Indeed, in the first case, the potential difference is virtually negligible,
being due to the field in the thin gap between the LN-charged surface and the liquid crystal
interfacial layer; in the second case, the potential difference is determined by the field in
air. This mismatch generates an additional in-plane component of the field, which can
be arbitrarily large, depending on the thickness of the layer along which the potential
difference changes from zero to the value dopy/€g. The additional field component drives
jet ejection from the charge accumulation sites. The result is the occurrence of several
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instability events, characterized by the ejection of a large number of jets from different
portions of the capillary bridge at the interfaces with the bounding plates (Figure 3a—d).

Figure 3. Examples of the observed electromechanical instability in N fluid bridges formed by
confining an RM734 droplet between two LN crystals. (a,d) Sequence of frames showing the evolution
of the instability in the np/np configuration. The onset of instability consists in the formation of
several small spikes protruding from different regions of the bridge rim (a). As the instability
proceeds, some jets grow (b) and new ones appear (c,d). Some of the jets are clearly ejected from
locations on different planes, namely the two LN /Ny interface planes. (eh) Sequence of frames
showing the evolution of the instability in the np/pn configuration. In this case, jets rapidly grow in
diameter (e f), encompassing large portions of the droplet rim and volume on both interface planes
(g/h). Note that the small droplets already present in the images (a,e) are due to fragmentation of the
main droplet during sample preparation. Frames are not consecutive.

An additional feature of np/np cells is the temperature at which the instability starts,
which is higher than that in np/pn cells, a behavior that we ascribe to the higher value of
E¢s components that characterize this specific substrates” arrangement.

In np/pn cells, the fringing field has a lower absolute value and is mostly in plane,
while the vertical component is weak and practically negligible at the center of the cell.
P and Eg are thus both parallel to the LN/NF interface planes, and the required in-plane
component of the field is present from the beginning due to the specific LN substrate
arrangement. In these conditions, the polarization charges that cancel the internal field are
generated at the Ng/air lateral interfaces and are most probably due to twist distortions
compatible with P being parallel to the two bounding surfaces. Again, this creates an addi-
tional electric field that, in this case, is comparable in magnitude to the original value of the
fringing field. The threshold charging that gives rise to the electromechanical instability is
reached here at temperatures lower than those in the np/np cells, corresponding to higher
values of P, and on average produce the ejection of a lower number of fluid jets. We under-
stand this phenomenon to be a result of the weaker fringing field that characterizes this
configuration. Noteworthy, experiments on N sessile droplets deposited on glass surfaces
with patterned electrodes showed that jet ejection preferentially occurs in regions where
the fringing field is in the vertical direction [26]. This is an additional indication that the
in-plane electric field component, arising in these conditions due to the N superscreening,
is higher than in any other configuration.

Once jets are formed in np/pn samples, they are, however, more disruptive compared
to the other kind of cell. This is shown in Figure 2b, where the variation of the average
droplet radius after each instability event is reported as a function of T;. This parameter
exhibits a decreasing trend for both configurations, but such a decreasing trend is different
in the two situations, being smooth for the np/np cells and very steep for the np/pn ones.

141



Crystals 2024, 14, 425

In this latter case, the average radius decreases by more than 60% after the first instability
events, indicating an extremely explosive and disruptive phenomenon.

We understand this behavior to be due to the radial shape of Eg in the np/pn LN
arrangement. Indeed, jets are polar fluid tubes carrying polarization charges on their tips,
which thus keep on moving in the direction of the field, accelerated by the field itself. The
polar nature of the ejected jets is well visualized in Figure 4a, where jets parallel to the
polarizer appear dark, while those at 45 deg. exhibit the maximum brightness, showing
that the liquid crystal director n is along the jet axis. Since the polarization vector is locally
collinear to the optical axis n, Figure 4a indicates that P is also along the jet’s axis, in the
direction of flow. Noteworthy, POM analysis of the nematic director in conditions involving
thick cells with LN substrates is cumbersome and made difficult by the formation of a
thick fluid bridge and by the birefringence of the substrates. For this reason, the image in
Figure 4a is related to a RM734 N sessile droplet lying on a LN substrate. The results are,
however, extendable to the double substrate configuration.

200um 200um

Figure 4. (a) RM734 N droplet on a LN substrate observed under a crossed polarizer. Jets parallel
to either polarizer or analyzer appear dark, while those at 45 deg. exhibit the maximum brightness.
This indicates that n is along the jets” axis, which also defines the direction of the polarization vector
P. Note that the attribution of the specific direction of P (parallel or antiparallel to n) is here arbitrary;
(b,c) evolution of the electromechanical instability of the N fluid bridge in case of a 150 um thick
np/pn cell. (b) Onset of the instability consisting in the formation of small spikes protruding from
several portions of the bridge rim. The yellow dashed line identifies one very thin jet that branches
on one of the bounding substrates; (c) as the instability proceeds, some of the small spikes retract
or disrupt by forming tiny droplets, leaving only one large, main jet that continues to grow; (d) this
is followed by the ejection of a large portion of the whole fluid mass from all around the bridge
perimeter. Frames are not consecutive.

In the np/pn configuration, the in-plane field that accelerates the jet tips depends on
the specific substrates” arrangement and remains approximately unperturbed during jet
motion. On the contrary, in the np/np case, the in-plane component of the field is generated
by N superscreening and depends on the position of the polarization charges. As such,
it changes both value and direction as soon as jets protrude from the fluid bridge. In this
case, there is not a “constant” radial field that moves the charged expelled fluid along a
fixed direction, and jets do not show the collective disruptive motion observed in np/pn
cells. The observed disruptive instability in np/pn cells might additionally be due to the
acceleration experienced by the jets’ tips, which may generate large distortions on the
fluid bridge portions close to the ejection sites. This, in turn, causes additional charge
accumulation in a sort of self-sustained effect.

An example of the instability of np/pn cells is reported in Figure 3e-h.

The evolution of the electromechanical instability of N fluid bridges is shown in more
detail in Figure 4b—d. In these images, the gap between the LN crystals is larger than in
Figure 3 (150 vs. 100 pm), which results in a more evident meniscus (thicker dark ring
around the “droplet”). Figure 4b shows the appearance of small spikes that protrude from
several portions of the bridge rim at the onset of the instability event. This is followed by
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the formation of a single main jet (Figure 4c) and by the ejection of a large portion of the
total fluid mass (Figure 4d). These events are accompanied by the decrease of the droplet
diameter, which is quantified in Figure 2b for both kinds of cells. This specific sequence of
frames is related to the np/pn configuration. Noteworthy, large variations of the droplet
texture can be observed by comparing the three images, which suggests that instability
induces severe rearrangements of the N liquid crystal polarization. This reasonably gives
rise to the additional accumulation of bound charges which, in turn, stimulates additional
fluid ejection as a strategy to decrease electrostatic energy.

Noteworthy, measuring the position of the jet tips from the initial frames after the
ejection, we noticed that the average jet speed for equal values of T; is higher in np/pn
cells compared to the others, in agreement with the notion that fluid motion is faster in
this configuration.

In conclusion, we studied the behavior of ferroelectric liquid bridges confined between
two solid ferroelectric substrates arranged in different configurations realized so that, once
pyroelectrically charged, they generate fringing fields of different values and shapes. Our
observations highlighted that the features of the liquid crystal instability are affected by the
specific fringing field profile in a way dominated by the minimization of the electrostatic
energy associated with the bulk polarization of the ferroelectric fluid.

Our results show that the electromechanical instability of ferroelectric droplets con-
fined between two ferroelectric solid substrates can be controlled in terms of instability,
temperature, number of ejected jets and violence by acting on the substrates’ arrangement.
This might allow the realization of novel electro-hydrodynamic applications based on the
electrostatic instability of polar liquids.

Author Contributions: Conceptualization, L.L.; methodology, L.L., S.M., R.Z. and R.B.; software,
R.B.; validation, L.L. and S.M.; formal analysis, S.M. and A.S.O.; investigation, S.M.; data curation,
S.M.; writing—original draft preparation, L.L. and R.Z.; writing—review and editing, L.L. and
R.B.; supervision, L.L. and S.M. All authors have read and agreed to the published version of
the manuscript.

Funding: L.L. and R.B. acknowledge the European Union—Next Generation EU, project code:
ECS00000041; project title: Innovation, digitalization, and sustainability for the diffused economy in
Central Italy—VITALITY.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: L.L. and S.M. are thankful to Tommaso Bellini for useful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Chen, X.; Korblova, E.; Dong, D.; Wei, X.; Shao, R.; Radzihovsky, L.; Glaser, M.A.; Maclennan, J.E.; Bedrov, D.; Walba, D.M.;
et al. First-principles experimental demonstration of ferroelectricity in a thermotropic nematic liquid crystal: Polar domains and
striking electro-optics. Proc. Natl. Acad. Sci. USA 2020, 117, 14021. [CrossRef] [PubMed]

Mandle, R.J.; Cowling, S.J.; Goodby, ].W. A nematic-to-nematic transformation exhibited by a rod-like liquid crystal. Phys. Chem.
Chem. Phys. 2017, 19, 11429-11435. [CrossRef] [PubMed]

Nishikawa, H.; Shiroshita, K.; Higuchi, H.; Okumura, Y.; Haseba, Y.; Yamamoto, S.I.; Sago, K.; Kikuchi, H. A fluid liquid-crystal
material with highly polar order. Adv. Mater. 2017, 29, 1702354. [CrossRef] [PubMed]

Mandle, R.J.; Cowling, S.J.; Goodby, ].W. Rational design of rod-like liquid crystals exhibiting two nematic phases. Chemistry
2017, 23, 14554-14562. [CrossRef] [PubMed]

Mertelj, A.; Cmok, L.; Sebastian, N.; Mandle, R.].; Parker, R.R.; Whitwood, A.C.; Goodby, ] W.; Copi(:, M. Splay nematic phase.
Phys. Rev. X 2018, 8, 41025. [CrossRef]

Lavrenovich, O.D. Ferroelectric nematic liquid crystal, a century in waiting. Proc. Natl. Acad. Sci. USA 2020, 117, 14629-14631.
[CrossRef] [PubMed]

Chen, X.; Korblova, E.; Glaser, M.A.; Maclennan, J.E.; Walba, D.M.; Clark, N.A. Polar in-plane surface orientation of a ferroelectric
nematic liquid crystal: Polar monodomains and twisted state electro-optics. Proc. Natl. Acad. Sci. USA 2021, 118, €2104092118.
[CrossRef] [PubMed]

143



Crystals 2024, 14, 425

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Barboza, R.; Marni, S.; Ciciulla, E; Mir, EA_; Nava, G.; Caimi, E; Zaltron, A_; Clark, N.A_; Bellini, T.; Lucchetti, L. Explosive electro-
static instability of ferroelectric liquid droplets on ferroelectric solid surfaces. Proc. Natl. Acad. Sci. USA 2022, 119, €2207858119.
[CrossRef]

Sebastian, N.; Copié, M.; Mertelj, A. Ferroelectric nematic liquid-crystalline phases. Phys. Rev. E 2022, 106, 021001. [CrossRef]
Zavvou, E; Klasen-Memmer, M.; Manabe, A.; Bremer, M.; Eremin, A. Polarisation-driven magneto-optical and nonlinear-optical
behaviour of a room-temperature ferroelectric nematic phase. Soft Matter 2022, 18, 8804. [CrossRef] [PubMed]

Mathé, M.T,; Perera, K.; Buka, A.; Salamon, P; Jakli, A. Fluid ferroelectric filaments. Adv. Sci. 2023, 9, 2305950. [CrossRef]
[PubMed]

Marni, S.; Nava, G.; Barboza, R.; Bellini, T.; Lucchetti, L. Walking ferroelectric liquid droplets with light. Adv. Mater.
2023, 35, 2212067. [CrossRef] [PubMed]

Caimi, F,; Nava, G.; Fuschetto, S.; Lucchetti, L.; Paie, P.; Osellame, R.; Chen, X.; Clark, N.A.; Glaser, M.A.; Bellini, T. Fluid
superscreening and polarization following in confined ferroelectric nematics. Nat. Phys. 2023, 19, 1658-1666. [CrossRef]

Mathé, M.T.; Himel, M.S.H.; Adaka, A.; Gleeson, ].T.; Sprunt, S.; Salamon, P,; Jakli, A. Liquid Piezoelectric Materials: Linear
Electromechanical Effect in Fluid Ferroelectric Nematic Liquid Crystals. Adv. Funct. Mater. 2024, 34, 2314158. [CrossRef]
Sebastian, N.; Lovsin, M.; Berteloot, B.; Osterman, N.; Petelin, A.; Mandle, R.].; Aya, S.; Huang, M.; Drevensek-Olenik, I.; Neyts, K.;
et al. Polarization patterning in ferroelectric nematic liquids via flexoelectric coupling. Nat. Commun. 2023, 14, 3029. [CrossRef]
Basnet, B.; Rajabi, M.; Wang, H.; Kumari, P.; Thapa, K.; Paul, S.; Lavrentovich, M.O.; Lavrentovich, O.D. Soliton walls paired by
polar surface interactions in a ferroelectric nematic liquid crystal. Nat. Commun. 2022, 13, 3932. [CrossRef] [PubMed]

Rayleigh, L. XX. On the equilibrium of liquid conducting masses charged with electricity. Phil. Mag. 1882, 14, 184-186. [CrossRef]
Habibpourmoghadam, A.; Lucchetti, L.; Evans, D.; Reshetnyak, V.; Omairat, F; Schafforz, S.L.; Lorenz, A. Laser-induced erasable
patterns in a N* liquid crystal on an iron doped lithium niobate surface. Opt. Express 2017, 25, 26148. [CrossRef] [PubMed]
Carns, J.L.; Cook, G.; Saleh, M.A.; Serak, S.V.; Tabiryan, N.; Evans, D.R. Self-activated liquid-crystal cells with photovoltaic
substrates. Opt. Lett. 2006, 31, 993. [CrossRef] [PubMed]

Sanna, S.; Schmidt, W.G. LiNbOj surfaces from a microscopic perspective. J. Phys. Condens. Matter 2017, 29, 413001. [CrossRef]
[PubMed]

Kostritskii, S.M.; Sevostyanov, O.G.; Aillerie, M.; Bourson, P. Suppression of photorefractive damage with aid of steady-state
temperature gradient in nominally pure LiNbO3 crystals. J. Appl. Phys. 2008, 104, 114104. [CrossRef]

Kostritskii, S.M.; Aillerie, M.; Sevostyanov, O.G. Self-compensation of optical damage in reduced nominally pure LiNbOj3 crystals.
J. Appl. Phys. 2010, 107, 123526. [CrossRef]

Ferraro, P.; Grilli, S.; Miccio, L.; Vespini, V. Wettability patterning of lithium niobate substrate by modulating pyroelectric effect to
form microarray of sessile droplets. Appl. Phys. Lett. 2008, 92, 213107. [CrossRef]

Byer, R.L.; Roundy, C.B. Pyroelectric coefficient direct measurement technique and application to a nsec response time detector.
Ferroelectrics 2011, 43, 333-338.

Gebre, T,; Batra, A.K.; Guggilla, P.; Aggarwal, M.D.; Lal, R.B. Pyroelectric properties of pure and doped lithium niobate crystals
for infrared sensors. Ferroelectr. Lett. Sect. 2010, 31, 131-139. [CrossRef]

Mathé, M.T.; Farkas, B.; Péter, L.; Buka, A.; Jakli, A.; Salamon, P. Electric field-induced interfacial instability in a ferroelectric
nematic liquid crystal. Sci. Rep. 2023, 13, 6981. [CrossRef] [PubMed]

Rosensweig, R.E.; Zahn, M.; Shumovich, R.J. Labyrinthine instability in magnetic and dielectric fluids. Magn. Magn. Mater.
1983, 39, 127-132. [CrossRef]

Zahn, M.; Shumovich, R. Labyrinthine instability in dielectric fluids. IEEE Trans. Ind. Appl. 1985, 21, 53-61. [CrossRef]

Igonin, M.; Cebers, A. Labyrinthine instability of miscible magnetic fluids. Phys. Fluids 2003, 15, 1734. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

144



crystals

Article

Local Orientation Transitions to a Lying Helix State in Negative
Dielectric Anisotropy Cholesteric Liquid Crystal

Ivan V. Simdyankin, Artur R. Geivandov *, Irina V. Kasyanova and Serguei P. Palto

Citation: Simdyankin, L.V.;
Geivandov, A.R; Kasyanova, L.V.;
Palto, S.P. Local Orientation
Transitions to a Lying Helix State in
Negative Dielectric Anisotropy
Cholesteric Liquid Crystal. Crystals
2024, 14, 891. https://
doi.org/10.3390/ cryst14100891

Academic Editor: Ingo Dierking

Received: 13 September 2024
Revised: 8 October 2024
Accepted: 11 October 2024
Published: 13 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license  (https://
creativecommons.org/licenses /by /
1.0/).

Shubnikov Institute of Crystallography, Kurchatovsky Complex “Crystallography and Photonics”,
National Research Centre “Kurchatovsky Institute”, Leninskii pr.59, 119333 Moscow, Russia;
serguei.palto@gmail.com (S.P.P.)

* Correspondence: ageivandov@yandex.ru

Abstract: Orientation transitions in a cholesteric liquid crystal (CLC) layer with negative dielectric
anisotropy, under the influence of a non-uniform spatially periodic electric field created using a
planar system of interdigitated electrodes, were studied experimentally and numerically. In the
interelectrode space, transitions are observed from a planar Grandjean texture, with the helix axis
perpendicular to the layer plane, to states with a lying helix, when the helix axis is parallel to the
layer plane and perpendicular to the electrode stripes. It was found that the relaxation time of
the induced state in the Grandjean zones, corresponding to two or more half-turns of the helix,
significantly exceeded the relaxation time for the first Grandjean zone with one half-turn. An analysis
of experimentally observed and numerically simulated textures shows that slow relaxation to the
initial state in the second Grandjean zone, as well as in higher-order zones, is associated with the
formation of local topologically equivalent states. In these states, the helix has a reduced integer
number of helix half-turns throughout the layer thickness or unwound into the planar alignment state.

Keywords: cholesteric liquid crystal; lying helix; negative dielectric anisotropy; numerical simulation

1. Introduction

Cholesteric liquid crystals (CLCs) stand out among other types of LCs because of
their ability to spontaneously form a helical director distribution [1]. This feature allows
us to consider these liquid crystal structures as one-dimensional photonic crystals with a
forbidden photonic stopband [2], which determines their demand for numerous photonic
applications, such as tunable optical filters, mirrors, beam deflectors [3-5], and, especially,
laser elements [6,7]. Lasing was studied by many authors in a typical geometry of a
Grandjean texture with a helical axis directed along the normal to the layer plane, under
planar alignment conditions at the confining substrates [8-10]. Interesting results on lasing
were obtained in Cano-Grandjean wedge geometry [11,12]. However, there are limitations
related to the longitudinal pumping of CLC-based lasers in planar Grandjean textures [13],
which can be avoided by means of the employment of so-called “lying helix” (LH) geometry,
with the axis of the cholesteric helix lying in the plane of the layer [13-15].

The problem of forming a stable and defect-free LH has been actively discussed since
the late 1990s [16]. Over several decades, numerous approaches have been proposed to
obtain LH, including the use of periodic anchoring conditions [16], surface relief formed by
laser lithography [17], cooling of CLCs from an isotropic phase in an electric field [18,19], or
employing photo- or thermally cross-linkable polymers to stabilize LC texture by forming
polymer networks [20], microchannels [14], grafts at the confining surfaces [21], and light
stimuli [22,23]. It should be noted that the very fact of obtaining LH in most cases was
confirmed only indirectly based on the optical texture features observed in a polarizing
microscope. In addition, the intrinsic thermodynamic instability of planar helical textures
under typical boundary conditions [24] significantly complicates their formation.
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We previously showed that a thermodynamically stable LH state can be obtained
in an electric field under periodic boundary conditions with binary modulation of the
easy axis direction, induced in the alignment layer with an ion beam treatment [15] or
photoalignment [25]. To note, in [15,25], one of the planarly aligned cell surfaces was
patterned with homeotropic-alignment stripes, making the tilt angle periodically change
in binary mode (planar homeotropic) along the in-plane axis. For such a transition, the
CLC natural pitch pp must be less than the period of binary modulation of the boundary
conditions. It is important that, in this case, the helix is strongly deformed by the field.
Also, the LH state disappears when the field is turned off. In the context of this work, it is
also essential that, in the aforementioned studies, CLC has a positive dielectric anisotropy,
and the electric field vector is normal to the CLC layer that is directed along the axis of the
initial helix. In the case of planar electric field geometry, when the electric field vector E
is perpendicular to the helical axis, such an orientation transition does not occur in CLCs
with positive anisotropy. The helix either becomes strongly deformed in pulsed fields,
maintaining the original pitch [26,27], or, in static electric fields, is unwound with the
formation of a defective texture [28].

In [29], the behavior of CLCs with both positive and negative anisotropy in the planar
geometry of a spatially periodic electric field was investigated. Using the fluorescence
method, the authors visualized a fundamentally different field-induced change in the
initial helical director distribution in the interelectrode area, depending on the sign of the
dielectric anisotropy. In particular, for CLCs with negative dielectric anisotropy, the authors
reported an orientation transition with the appearance of a periodic texture near one of the
surfaces and interpreted this as a rotation of the axis of the cholesteric helix by 90°. This
result seems to be very important and was confirmed by the results of the current study.

A few other studies in this area illustrate highly inhomogeneous textures observed in
an electric field, which is apparently due to the significant thickness of the layers studied in
comparison with the natural pitch of the helix [30-34].

In this work, we studied in detail the behavior of CLCs with negative dielectric
anisotropy in a planar electric field geometry for thicknesses comparable to the helix pitch.
These studies were conducted for the first four Grandjean zones. There are two parts below.
The first section briefly presents optical observations of electric field-induced orientation
transitions using a polarizing optical microscope and the features of relaxation of the
induced textures after turning off the field in the region of thicknesses corresponding to the
second and fourth Grandjean zones. In the second section, the results of optical observations
and features of orientation transitions for the four Grandjean zones are discussed in detail,
considering the data obtained by numerical simulation.

2. Materials and Methods

An experimental CLC cell is composed of two glass substrates, one of which bears a
system of opaque (chromium) interdigitated electrodes (IDEs) with a period L = 15 pm.
The width of the electrode strip was w = 5 um and the distance between the electrodes was
[ =10 um. Glass without electrodes was used as the opposite substrate. The surfaces of
both substrates provided a planar orientation of the CLC in the y-direction, as shown in
Figure 1. To obtain a planar alignment, standard technology was used to form polyimide
layers on the surface of the substrates, followed by rubbing them with a soft cloth parallel
to the electrode strips. In the assembled cell, the rubbing directions on the two substrates
are opposite. To study the orientation transitions depending on the thickness of the CLC
layer, we used a wedge-shaped cell. The thickness of the CLC layer d varied from 0 to 8 um,
owing to the use of a Teflon gasket on only one edge of the cell.
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Figure 1. Schematic of experimental wedge-shaped LC cell. An IDE system was formed on the
bottom substrate; the width of the electrode strips was w = 5 um, with a gap between them of
I'=10 um. Thick dashed lines separate adjacent Grandjean zones, with the number of half-turns of
the helix differing by one. At the centers of each Grandjean zone, with the exception of the zero zone,
the number of half-turns of the helix was a multiple of py/2. In a real cell, the angle « is small, and
the width of each zone is several millimeters.

To prepare CLCs, we used as a matrix a nematic mixture that was developed with
the following characteristics: main refractive indices n, =1.49, n = 1.58, low-frequency
dielectric constant ¢, = 8.2, dielectric anisotropy Ae = ¢ — ¢, = —4.15, and transition
temperature to the isotropic state Tis, = 79 °C. To impart chirality, an optically active
additive 1,4:3,6-Dianhydro-D-sorbitol-2,5-bis(4-hexyloxybenzoate) with a twisting capacity
of 49 um~! was used. An additive weight concentration of 0.7 wt. % ensured the natural
pitch of the cholesteric helix py = 2.3 pm, which was measured using a wedge-shaped cell
with a known thickness at the centers of the resulting Grandjean zones.

In the absence of an electric field, the CLC molecules were oriented planarly, and the
helix axis was perpendicular to the surface with the electrodes. In a wedge-shaped cell,
where the thickness varies along the x-axis, the pitch of the cholesteric helix cannot change
monotonically. Instead, the formation of Grandjean zones occurs, in which the number of
half-turns of the helix is fixed and changes strictly by one when moving to the neighboring
zone. The helical pitch p in each Grandjean zone varies monotonically only within the
zone, for example, in the 2nd zone from py — 0.25pg to py + 0.25pg. At the center of each
zone, 2p/po = m, where m is an integer corresponding to the number of the Grandjean zone.
In the zero zone, the helical pitch p tends to infinity (the helix is untwisted), and a uniform
planar orientation is realized.

Numerical simulations were performed using the LCDTDK v.4.0 software created by
one of the authors (S.P.P.). Since the calculation for the experimental geometric parameters
of the IDE (L = 15 um) requires significant computing resources, the calculations were
performed for the values of the geometric parameters reduced several times. The period
of the IDE array was reduced to L = 3 pm with a distance between the electrodes of 2 pm.
The natural pitch of the cholesteric helix py and the thickness of the simulated layer also
decreased compared to the experimental samples. In the simulation, the minimum layer
thickness was 1 pm, and the maximum was 1.5 um. The number of half-turns per layer
thickness varied in accordance with the number of the Grandjean zone. It should be noted
that in the simulation, the natural pitch py was chosen such that the helix in a given zone
was stressed (for example, in the case of the 2nd zone, 1.2 py = d; Figure 1). In this case, it
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was possible to obtain the best agreement with the experiment. Since the optical anisotropy
of CLC, determined by the difference in the main refractive indices, is quite small in the
experiment (n; = 1.49; n = 1.58), then with a significant change in the thickness and,
accordingly, the optical retardation (n] — n)d, the direct comparison of optical patterns
for simulated and experimental textures remained possible up to the 4th Grandjean zone.

3. Results

Observations of texture changes in an electric field showed sharp differences between
the first and second Grandjean zones. In contrast to the first zone, in the second zone,
after turning off the electric field, the induced texture remains for a long time. Similarities
between the second and fourth zones were also revealed. For this reason, we begin our
discussion with the results of observations in the second and fourth zones.

3.1. Induced Transitions in Second and Fourth Grandjean Zones

Figure 2 shows photographs of field-induced CLC textures in the second (a, b) and
fourth (c, d) Grandjean zones at electrical voltages of 50 V and 30 V (rectangular alternating
voltage at a frequency of 5 KHz was used), as well as at different time intervals (b, d)
after turning off the electrical voltage. The voltage of about 30 V is close to the transition
threshold, so the field-induced texture is not well established. At U =50 V, we deal with
the well-established optical texture. It is noteworthy that before the application of electrical
voltage, the texture in each zone appeared to be homogeneous in the crossed polarizers,
which is typical for Grandjean textures. In an electric field in the interelectrode space,
alternating bands of different intensities are observed, oriented along the electrodes. The
number of induced bands depends on the number of the Grandjean zone. For example, in
the zone with m = 2, two bright stripes are observed, separated between themselves and the
electrodes by stripes of lower intensity of transmitted light, as shown in Figure 2a. After
turning off the electrical voltage, the induced periodic texture persists for a long time in the
form of two bright stripes on a deep black background, as shown in Figure 2b.

In the zone with m = 4, the resulting texture is more defective, as seen in Figure 2¢,d. In
the electric field, both one bright band and several bright bands were observed. However,
after the electric field was turned off, seven bright stripes could be observed in the inter-
electrode space. Among these bands, the two brightest stand out, located symmetrically
relative to the middle of the interelectrode space.

As can be seen from the photo in Figure 2b,d, the resulting periodic textures relax very
slowly. Even for the m = 2 zone, where the layer thickness is about 2.5 um, the periodic
texture in the interelectrode space is maintained for several seconds after the electric field is
turned off. In the zone with m = 4, the relaxation time increases by tens of times. Thus, after
turning off the field, the relaxation time T cannot be estimated from the well-known relation:

4

T= ﬁ/ (1)
which for the thickness d = 2.5 um, rotational viscosity y = 0.1 Pa-s, and effective elastic
coefficient K = 10 pN gives the value T = 6 ms. The periodic texture, for example, in the
zone with m = 2 persists for 60 s, and in the zone with m = 4 does not disappear even
after 10 min, as seen in Figure 2d. Thus, in the second and fourth Grandjean zones, the
appearance of a planar periodic texture can be considered as a field-induced transition to a
long-living metastable state.

In the first Grandjean zone, a very rapid relaxation of the induced texture was observed
with a characteristic time that approximately coincides with estimate (1). The reason for
such rapid relaxation in the first zone is explained below, taking into account the numerical
simulation results.
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Figure 2. Photographs of LC cell textures in crossed polarizers in the Grandjean zones m = 2 (a,b)
and m = 4 (c,d) in an electric field (a,c) and after turning it off (b,d) at the time intervals indicated in
the figure. The natural pitch of the helix is pp~2.3 um, the IDE period is L = 15 um, and the frequency
of the applied electric voltage U is f = 5 KHz. White arrows indicate the direction of the axes of the
crossed polarizers.

3.2. Simulation of Orientation Transitions and Discussion

The numerical modeling is grounded on the equations of the continuum theory of
liquid crystals for finding the spatial-temporal distributions of the LC director, as well
as Maxwell’s equations for calculating the distributions of the low-frequency electric and
optical fields. The solution to the problem is implemented in the LCD TDK software
package (developed by S.P.P).

In particular, the three-dimensional dynamics of the liquid crystal director n = (ny, 1y,
1) is described by the following equations:

o(Ftg) | d [ 3(Ftg) d [ 9(F+g) d (o(F+8) \ _ , dn;
e (M0) 4150 ) - 4(50) @
dx Y 0z
ie{xyz, g=u(l-Linf) =0,
ny+ny+n =1, 3)
wherein F stands for free energy density that is described as follows:
4
Pr=e1(V-n)n—e3(nx V xn),

wherein v is the rotational viscosity, Kj 23 are the LC elasticity coefficients, ¢ is the low-
frequency permittivity tensor, the free space dielectric constant &g = 8.85 x 10712 F/m, E is
the electric field vector, and Pf is the flexoelectric polarization vector determined by the
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flexoelectric coefficients e; 3 and the corresponding deformation of the director distribution.
In the current work, the simulation results are for Py = 0. Chirality is determined by the
wavenumber gy, which specifies the natural pitch of the helix py = 27t/gg. The parameter g
and the corresponding Lagrange multiplier y are related to the unit length of the director n,
and are taken into account automatically in the numerical solution, when normalization (3)
is performed at each discrete moment of time. Also, in present simulations, we use planar
alignment along the y-axis (see Figure 1) at rigid boundary conditions (infinite anchoring).

a.  Induced orientation transition in the first Grandjean zone

Figure 3a shows the simulation results and experimental photographs of the observed
textures in the case of an electric field-induced orientational transition in the first Grandjean
zone. Initially, in the absence of electrical voltage, the axis of the cholesteric helix is oriented
perpendicular to the xy-plane of the layer and directed along the z-axis. In the first zone
(m = 1), only one half-turn of the helix is across the thickness of the simulated LC layer
(d =1 um). At an electric voltage (U = 26 V) in the interelectrode space, a transformation of
the Grandjean texture, uniform in the xy-plane, into a planar-modulated structure occurs.
As can be seen from the spatial distribution of the LC director, a helix director distribution
with a pitch of 0.95 um along the x-axis appears in the center of the layer, as shown in
Figure 3a. In the interelectrode space between the lines AD and CF, two half-turns of the
helix are laid. That is, the observed transition can be characterized as a transition to a state
with LH. The transition is local, since above the electrodes, excluding areas at the edges,
the original Grandjean texture is preserved. An important feature of the transition is the
emergence of special localized areas (below, for simplicity, we will call them special points),
clearly visible in the gaps marked in the figure as AD, BE, and CF. If, for example, we move
along the line AD, then as it passes through a singular point near the lower surface, the
y-component of the director changes sign (in Figure 3a, this is reflected by the color change
of the end of the cylinder showing the director from red to blue). That is, as in the original
Grandjean texture, we have a rotation of the director by 7 at the layer thickness along the
AD line. Since, almost along the entire length of the segment AD, except the vicinity of the
mentioned singular point, the director of the LC is oriented planarly, we will call such a
local orientation “quasi-planar”. A similar quasi-planar orientation occurs along the BE
and CF lines. However, if the singular point on line BE is located near the upper surface of
the layer, then on lines AD and CF, it is near the bottom. Singular points marked in a 2D
drawing in 3D space form lines along the y-axis.

In crossed polarizers of a polarizing microscope, when the y-axis is oriented at 45°
to the polarizer axes, these three quasi-planar areas along the y-direction appear in the
calculated optical image as three bright stripes, as shown in Figure 3b. A completely similar
optical picture is observed in the experiment, as shown in Figure 3c. In addition, in the
experiment, one can observe the defects noted in Figure 3c with red circles. A discussion of
the mechanism of formation of these defects is beyond the scope of this work.

An important feature of the transition in the first Grandjean zone is that when a lying
helix is formed, the Grandjean texture with one half-turn in the z-direction is essentially
preserved, but at the same time, it is strongly deformed in the z-direction and is inho-
mogeneous in the xy-plane. As will be shown below, this feature associated with the
preservation of a half-turn of the helix throughout the thickness of the layer fundamen-
tally distinguishes the transition in the first zone from transitions in zones with a higher
m-number. This also leads to a significantly faster relaxation rate of the induced LH after
the field is turned off compared to the relaxation rate in higher-order Grandjean zones,
which is also discussed below.
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Figure 3. Electric field-induced director distribution in the 1st Grandjean zone (m = 1): (a) numerical
modeling of the director distribution with the electric field turned off (U = 0 V) and on (U = 26 V);
(b) numerical modeling of the texture with the electric field turned on, virtually observed in a
polarizing microscope in crossed polarizers with axes at 45° in the xy-plane relative to the electrode
strips; (c) experimentally observed texture in a polarizing microscope with the electric field turned
on under the conditions specified for (b). The thicknesses of the CLC layers in the simulation and
experiment were d = 1 and 1.2 um, respectively. The regions marked as AD, BE, and CF show the
areas of local quasi-planar alignment at which the LC director shows 7t-flips (see the text). The red
circles in (c) indicate the characteristic defects in the observed texture.

b.  Induced orientation transition in the second Grandjean zone

According to numerical simulation data, the transition in the second Grandjean zone,
where two half-turns of the helix are across the thickness of the layer, is fundamentally
different from the transition considered above in the first zone. Figure 4a shows the results
of modeling the transition at an electrical voltage of U = 40 V and after turning off the
electric field. The difference between the induced texture (Figure 4a) and the texture in
the first zone (Figure 3) is the appearance of two local regions AD and CF with a truly
planar orientation throughout the entire thickness. Thus, in these regions, the initial 27-
state transforms into an untwisted homogeneous planar state. Such a transition is well
known as topologically equivalent, i.e., realized as a result of continuous deformation of the
director distribution in the volume of the layer. This transition was observed in bistability
effects in planarly aligned CLC cells [35,36]. The twisted 27t-state of the second Grandjean
zone is topologically equivalent to the homogeneous planar state of the zeroth Grandjean
zone. A continuous (defect-free) transition between these two states is possible through
the homeotropic (vertical) state of the director at the center of the layer, which, in this case,
is induced by the electric field. To achieve this homeotropic state, a certain electric field
is required, which is why the transition is characterized by some threshold voltage. Since
topologically equivalent states differ in twist angles that are multiples of 27, topologically
equivalent transitions are possible between states characteristic of Grandjean zones with
either exclusively even or odd m-numbers. A defect-free transition between states of even
and odd zones turns out to be forbidden under planar boundary conditions [37]. Only in
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the case of hybrid boundary conditions is a field-induced transition possible with a change
in the twist angle by 7, i.e., between neighboring Grandjean zones [38]. This information is
important for understanding the transitions in the third and fourth Grandjean zones.
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Figure 4. Electric field-induced director distribution and optical textures in the 2nd Grandjean zone
m = 2: (a) numerical modeling of the director distribution at the electric field switched on (U = 40 V)
and off (after 3 ms); (b) texture observed in a polarizing microscope with the electric field turned on
in crossed polarizers with axes at 45° in the xy-plane relative to the electrode strips (the inset shows
the result of numerical modeling of the type of texture in a polarizing microscope); (c) the same as in
(b), but after turning off the electric field (see text). The thickness of the CLC layer in the experiment
is 2.3 um. The regions AD and CF correspond to local planar orientation, while in the BE region, the
LC director has two 7t-flips near the surfaces (see text).

In an electric field, the AD and CF areas with planar orientation are created along the
y-direction and appear in the simulated and experimentally observed optical picture in the
form of two wide bright stripes, as seen in Figure 4b. In the center between the electrodes
(line BE), the transition to the planar state does not occur. It can be seen that when moving
along BE, the y-component of the director changes sign twice, respectively, near the upper
and lower surface. That is, in this case, there is a highly deformed quasi-planar state in the
electric field. The total change in the angle across the layer thickness along BE is equal to
27t and corresponds to the initial 27-state characteristic of the second Grandjean zone. In
the numerically simulated optical picture (see inset in Figure 4b), this state appears as a
narrow bright stripe in the center between the electrodes. This bright and narrow band
is also visible in the experimental image. Since in this narrow spatial region, in fact, the
original 27t-state, although deformed, is preserved, then after turning off the electric field,
this state relaxes very quickly, and the narrow stripe in the image in the center between the
electrodes disappears, as seen in Figure 4c. However, the local planar states AB and EF,
separated from the 27-state by an energy barrier [35], are preserved, and two bright stripes
between the electrodes remain in the model and experimental images, as seen in Figure 4c.
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Since, in the second Grandjean zone, local planar states are separated by an energy barrier
from the lowest-energy ground 27-state, their relaxation occurs extremely slowly.

Below, we will also call the induced planar state the O-state, thereby indicating that
it can arise in Grandjean zones of a higher order with a total director twist angle that is a
multiple of 27t.

c¢.  Induced orientation transition in the third and fourth Grandjean zones

It was shown above that a distinct feature of the transition in the second Grandjean
zone, compared to the transition in the first zone, is the emergence of topologically equiv-
alent O-states. In the third and fourth zones, the situation is similar. Since topologically
equivalent states are characterized by a change in the twist angle across the layer’s thick-
ness by values that are multiples of 27, then for the third zone, local states with a twist
angle of 3m + 27tm are topologically equivalent, where m is an integer. That is, the initial
director distribution with three half-turns at the layer thickness, characteristic of the third
Grandjean zone, corresponds to a topologically equivalent 7-state, which is the ground one
in the first Grandjean zone. For the fourth zone, two topologically equivalent transitions
are possible: a transition to the 27-state and a transition to the O-state. It is also important to
note that since, in the initial Grandjean texture, the electric field is directed predominantly
perpendicular to the helix axis, transitions to states with a less twisted helix are energetically
favorable [1], i.e., topologically equivalent transitions occur in the direction with a decrease
in the initial number of half-turns over the layer thickness.

What has been said regarding the third zone can be seen in Figure 5a, which shows the
simulation results at an electrical voltage U = 50 V. Along the four lines, AE, BF, CG, and
DH, transitions to local highly deformed topologically equivalent 7t-states occur. Since these
states are characterized by a quasi-planar orientation, they appear in the optical image as
the four brightest stripes in the y-direction, as shown in Figure 5b. Since new topologically
equivalent 7-states are locally formed during the transition, after turning off the electric
field, their relaxation is very slow, and the induced state with a lying helix can be observed
for quite a long time, as shown in Figure 5c.

The behavior in the fourth Grandjean zone (m = 4), although it looks more complex,
also fully fits into the concept of topologically equivalent transitions.

Figure 6a shows that in an electric field in the center between the electrodes, a topolog-
ically equivalent transition from the ground 4m-state to the 27t-state is realized. In optics
(both in simulation and experiment), this highly deformed 27-state appears as a single
bright stripe in the center between the electrodes, as shown in Figure 6b. After turning off
the electric field, relaxation also proceeds through topologically equivalent states, which
appear in optical images in the form of many bands, among which two bands correspond
to the O-state and are therefore the brightest, as shown in Figure 6c. Thus, in the fourth
zone, we deal with multiple ways of relaxation to the ground 47-state from topologically
equivalent 27- and 0-states.

Concluding this section, we generalize the features of orientational transitions to the
LH state in four primary Grandjean zones, which can be accompanied by local topologi-
cally equivalent transitions. Figure 7 schematically shows the energy diagram of allowed
transitions in different Grandjean zones. As can be seen, in the first zone, where the ground
state is the 7t-state, there are no allowed transitions, since the nearest untwisted 0-state
is not topologically equivalent. In the second and third zones, only one transition to a
state with the change for two half-turns is allowed, and in the fourth zone, there are two
such transitions. The scheme shown in Figure 7 can easily be continued for zones with
m > 4 taking into account that only transitions between the states with an even number of
half-turns are allowed.
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Simulation

Figure 5. Electric field-induced director distribution in the 3rd (m = 3) Grandjean zone: (a) numerical
modeling of the director distribution with the electric field on (U = 50 V) and off (after 3 ms);
(b) texture observed in a polarizing microscope with the electric field turned on in crossed polarizers
with axes at 45° in the xy-plane relative to the electrode strips (the inset shows the result of numerical
modeling of the type of texture in a polarizing microscope); (c) the same as in (b), but after turning
off the electric field (see text). The thickness of the CLC layer in the experiment is ~3.5 um. The AE,
BF, CG, and DH lines indicate the quasi-planar regions at which the LC director has 7-flips.
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Figure 6. Distribution of the CLC director field in the 4th Grandjean zone (m =4, i.e., 720° twist) at volt-
ages U =50 V and after 5 ms when the voltage is turned off (a). The photographs on the right show
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experimentally observed and calculated (inset) images in a polarizing microscope when the voltage
is applied (b) and a second after it is turned off (c). The thickness of the CLC layer in the experiment
is ~4.6 um. The regions AB, CF, DG, and EH are for local quasi-planar and topologically equivalent
27t- and 0O-states with 2 and 0 7t-flips across the thickness.

m=2 m=3 m=4

! A !

0 L
0 A i o A i 2“ A ; i
T : 2r | 3 E
2r 3n : P T AR

Figure 7. Schematic representation of free energy levels for fixed layer thickness d=mp /2 and allowed
topologically equivalent transitions (shown by arrows) in various Grandjean zones accompanying the
orientational transition to the LH state. The allowed relaxation paths are shown by dashed arrows.

d. Dynamics of induced transitions

Figure 8 shows the simulated dynamics of relaxation of induced states for four Grand-
jean zones (m =1, 2, 3, 4), obtained for the same thickness of the LC layer d = 1.5 um.
However, as already mentioned, the natural pitch py for each zone was set to obtain a
stressed helix at an LC layer thickness d = mp/2 + 0.2pp, so we shift from a zone center
towards the next zone with a higher number m. In this case, we obtain the best agreement
with the experimental observations. Calculations were performed for the following CLC
parameters: elasticity coefficients K; = 13.9 pN, K, = 11.4 pN, K3 = 15.5 pN, and rotational
viscosity v = 0.1 Pa-s. To illustrate the dynamics of transitions, the value of the director
z-component 71, in the center of the layer between the electrodes was chosen as a parameter
characterizing the induced state.

In the first Grandjean zone (m = 1), the relaxation rate is characterized by the shortest
time T~5 ms. At the same time, for large values of m, the relaxation rate drops sharply,
reaching its lowest value in the fourth zone (t > 250 ms). All this is well explained within the
framework of the model of topologically equivalent transitions discussed above, as seen in
Figure 7. Indeed, for m = 1, transitions to topologically equivalent states do not occur since
there is no corresponding topologically equivalent state with fewer half-turns. Therefore,
after turning off the field, the usual viscoelastic relaxation takes place with a characteristic
time, which can be estimated from relation (1). By substituting the LC parameters into
(1), it is easy to obtain a characteristic time of ~5 ms, which is consistent with numerical
modeling and experimental observations. For Grandjean zones with m > 1, topologically
equivalent states exist, and when a lying helix is induced, corresponding local transitions
occur. Thus, for a zone with m = 2, local transitions to the 0-state with a uniform planar
director distribution take place. Relaxation of these 0-states into the original 27-states
requires activation of the local homeotropic states in the layer. Such activations are possible
through spatial regions adjacent in the x-direction, where across the layer thickness, local
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director orientation is homeotropic (see the director distribution to the left and right of the
AD line in Figure 4a).
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Figure 8. Dynamics of the formation of the LH structure and its relaxation when considering the 7
director component for the four Grandjean zones in the interelectrode space. The data were obtained
at the same thickness of d = 1.5 um in the center of the LC layer, but with a shift with respect to the
center of zones towards the next zone with a higher m-value (see the text). Values of +1 correspond
to the homeotropic orientation of the LC director, and 0 corresponds to the planar orientation. A
rectangular control pulse is applied for 75 ms starting from 10 ms. The blue background indicates the
duration of the electric field applied to the LC cell.

In order to interpret a correlation between the relaxation times in the second and
third zones, it is important to take into account the difference in the free energy between
topologically equivalent states. According to Figure 2, the 0- and n-states for the second
and third zones, respectively, have the same free energy, and the difference in the relaxation
time, which is shorter for the third zone (85 ms vs 125 ms), looks surprising at first glance.
However, the energy levels in Figure 7 are given for an unstressed helix located in the
center of Grandjean zones. In general cases, the total free energy of the CLC helix per unit
area of a layer (integral of the free energy density over the thickness) at rigid boundary
conditions is expressed as follows [37]:

q>m,k = KTZd(qm,k - qm,O)zr (5)
where index m is for the Grandjean zone number; k is for a number of helix half-turns in
a given zone m; and q,,x and gy, are for actual and natural wavenumbers of the helix,
respectively. The ground state in the m-th zone is characterized by wavenumber g;; 1,
which corresponds to m helix half-turns over the layer thickness. The difference in the free
energy between the topologically equivalent states with k half-turns and ground state with
m half-turns can be derived from (5) as follows:

Kod

Kod 2m(q1,0 — q11)
2

Aq)k,m = q:'m,k - q)m,m = (Akql,l)z 1+ Aklh 1

(6)
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where q,,, « = kq1,1, in,m = mq1,1, and Ak = m-k are taken into account.

According to (6), in the case of the “expanded” helix that we deal with when g1 > 411,
the A® increases with the Grandjean zone number . This fact explains why, for the third
zone (m = 3), the relaxation is faster compared to the second zone (m = 2). However, this
seems to work only in simplest cases, when we deal with a single topologically equivalent
transition like in the case of the second and third zone, as shown in Figure 7.

In the case of the fourth zone, two topologically equivalent states (0- and 27-state)
can exist, and the relaxation has three possible ways: (i) O-state — 47t-state; (ii) O-state —
2m-state—4m-state; and (iii) 27-state — 47-state. This is why the relaxation process turns
out to be more complicated and slowest among the first four Grandjean zones.

4. Conclusions

In a CLC layer with negative dielectric anisotropy, local transitions induced by a
periodic electric field from planar Grandjean textures with the helix axis normal to the
layer into local states with a lying helix were studied experimentally and numerically. For
transitions in the Grandjean zones with the number of half-turns at a layer thickness of
more than one, the induced new states with the helix axis lying in the plane of the LC
layer are metastable and characterized by slow relaxation from several seconds to tens of
minutes, depending on the Grandjean zone and layer thickness.

Numerical modeling has shown that for Grandjean zones with m > 1, the formation of
a lying helix is associated with multiple local transitions to topologically equivalent states,
characterized by a change in the director twist angle by values that are multiples of 27t. An
important circumstance is that, in contrast to topologically equivalent transitions observed
previously [35,36], there is no need to involve hydrodynamic flows.

Electric field-induced lying helix states are interesting not only for their topological
features but also as superperiodic structures for electro-optical and photonic applications.
For example, their properties, characteristic of photonic crystals, can manifest themselves
in the waveguide mode, and the topologically equivalent transition to an unwound planar
state is of interest for new types of bistable switching.
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Abstract: Spatially varying alignment of liquid crystals is essential for research and applications.
One widely used method is based on the photopatterning of thin layers of azo-dye molecules, such
as Brilliant Yellow (BY), that serve as an aligning substrate for a liquid crystal. In this study, we
examine how photopatterning conditions, such as BY layer thickness (b), light intensity (I), irradiation
dose, and age affect the alignment quality and the strength of the azimuthal surface anchoring. The
azimuthal surface anchoring coefficient, W, is determined by analyzing the splitting of integer
disclinations into half-integer disclinations at prepatterned substrates. The strongest anchoring is
achieved for b in the range of 5-8 nm. W increases with the dose, and within the same dose, W
increases with I. Aging of a non-irradiated BY coating above 15 days reduces W. Our study also
demonstrates that sealed photopatterned cells filled with a conventional nematic preserve their
alignment quality for up to four weeks, after which time W decreases. This work suggests the
optimization pathways for photoalignment of nematic liquid crystals.

Keywords: azimuthal anchoring; surface anchoring; liquid crystals; photopatterning conditions;
alignment stability; Brilliant Yellow

1. Introduction

Alignment of liquid crystals (LCs) is crucial for their applications. While the uni-
directional alignment can be achieved by mechanical rubbing [1-5], alignment with a
spatially varying “easy axis” requires a more sophisticated approach. Spatially varying
alignment becomes exceedingly important in many academic and applied projects, such as
the fabrication of planar optics elements [6-12], LC elastomer coatings with predesigned
topography [13-19], orientationally ordered environments that control collective and indi-
vidual dynamics of microswimmers [20-25], and substrates that align living tissues [26-29].
The most popular approach to achieving the spatially varying alignment of LCs is pho-
toalignment [13,30-38]. Photoalignment allows one to design complex director patterns
with high spatial resolution [34,35,39], controllable surface anchoring [40], dynamic director
alignment [41], and the capability to pattern the alignment on flexible and curved sub-
strates [42-44]. Photoalignment does not induce impurities, electric charges, or mechanical
damage to the treated surfaces, unlike conventional rubbing [45].

Brilliant Yellow is one of the azo-dye materials used for photoalignment [46—48]. Ex-
tensive studies by Yaroshchuk et al. [49] brought the conclusion that BY provides “excellent
photoalignment of nematic, smectic ferroelectric and reactive liquid crystals” and “shows
extraordinarily high photo and thermal stability”. The study also noted that the double
C=C bond in the core of BY molecules results in an absorption peak at 432 nm [49]. This
peak, being in the lower part of the visible spectrum, might result in reduced stability when
exposed to visible light. Nevertheless, the study by Yaroshchuk et al. [49] demonstrated
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that BY has excellent stability when irradiated with ultraviolet light and kept at an elevated
temperature of 150 °C for one hour. Since BY allows one to produce high-quality alignment
in a relatively easy process, it continues to attract interest in research and applications, see,
for example, some recent publications in Refs. [33,49-54].

Azo-dye molecules undergo photoinduced reorientation when exposed to light [50,55,56].
For irradiation with a linearly polarized beam, the probability of absorption is P « cos?$
where S is the angle between the long axis of the molecule in its trans state and the light
polarization direction. The absorption-reorientation process repeats itself until the dye
molecule aligns perpendicularly to the light polarization, § = 7/2. Studies by Wang
etal. [57] and Shi et al. [58] show that alignment quality strongly depends on exposure to
humidity and only slightly depends on the type of surface used for depositing BY. Our
previous work showed that a longer light exposure produces a stronger in-plane (azimuthal)
surface anchoring [40]. However, the effect of other important factors remained unexplored.

This study investigates the effect of photopatterning conditions, such as BY layer
thickness (b), light intensity (I), irradiation dose, and age of non-irradiated substrate, on
the alignment quality and the strength of azimuthal anchoring expressed by the anchoring
coefficient W in the surface potential § Wsin?a, where « is the angle between the alignment
direction imposed by the patterned BY layer and the actual director specifying the local
orientation of the liquid crystal. The coefficient W is determined by analyzing the splitting
of integer disclinations into half-integer disclinations at photopatterned substrates [26,40].
We find that b in the range 5-8 nm yields the strongest azimuthal anchoring. W increases
with the dose and with I when the dose is fixed. BY-coated substrates, which are pho-
topatterned within 15 days of substrate preparation (after BY spin coating and baking, but
before irradiation), show no significant change in W. However, substrates aged for more
than 15 days before irradiation exhibit a decline in W. Our study also demonstrates that
photopatterned cells filled with a conventional nematic LC and sealed with epoxy glue
preserve their alignment strength for about 4 weeks, but further aging of the filled cell leads
to a reduction in W. The results facilitate the optimization of BY photoalignment for liquid
crystal applications.

2. Materials and Methods
2.1. Cell Preparations

Indium tin oxide (ITO)-coated glass plates are sonicated in water with a small amount
of detergent at 60 °C for 15 min. Although the studies do not require an application of an
electric field, the choice of ITO-coated plates is justified by the fact that most applications of
liquid crystals involve electro-optic effects, thus the presence of the ITO electrodes is often a
necessity. The plates are rinsed with isopropanol, dried in an oven at 80 °C for 15 min, and
exposed to UV in an ozone chamber for 15 min. The plates are spin-coated with a solution
of azo-dye BY in N, N-dimethylformamide (DMF), Figure 1a (both purchased from Sigma
Aldrich, St. Louis, MO, USA) at 3000 rpm for 30 s, and baked at 80 °C for 30 min. We use
DMF solutions with various BY concentrations, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 2.0, and 4.0 wt%,
in order to vary the thickness b of the resulting BY layer and to explore its effect on the
anchoring strength. All other experiments are performed with substrates coated with a
0.5 wt% BY solution, resulting in b = 7.6 nm, which is in the optimal thickness range of
5-8 nm that yields the strongest W. To avoid the detrimental effects of humidity on BY
alignment [57], we limit the relative humidity (RH) of the environment to less than 20%
during the spin coating and baking, and to 20-35% during substrate storage, cell assembly,
and photopatterning. During imaging, the sealed LC filled cells are kept at an RH of less
than 50% and a constant temperature of 45 °C.
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Figure 1. Chemical structures of materials and photopatterned defect array. (a) Photoresponsive
azo-dye Brilliant Yellow, liquid crystal CCN-47, and solvent N, N-dimethylformamide. (b) Schematic
of the photopatterning setup. Obj: objective, PMM: plasmonic metamask. (c) Director pattern of the
defects array. The blue dots represent the cores of +1 defects, and the red dots represent the cores of
—1 defects. (d) A polarizing optical microscope texture of the plasmonic meta mask with 41 radial
defect array. (e) Polarized optical microscope images of a portion of a photopatterned cell with a + 1
radial defect on the left and a — 1 defect on the right. The cell thickness is 1.1 pm. (f) The same
polarizing microscopy with a full-wavelength optical compensator with the slow axis A. P and A
represent the polarizer and analyzer, respectively.

Cells are assembled from two glass substrates with the BY-coated surfaces facing
each other; these are called BY-BY cells throughout the text. The gap is fixed using epoxy
glue NOA 65 (Norland Products Inc., Jamesburg, NJ, USA), without spacers, to achieve
a thickness of ~1 um. The thickness & of the gap between two plates is measured by
an interferometric technique using a UV /VIS spectrometer Lambda 18 (Perkin Elmer,
Waltham, MA, USA).

2.2. Photopatterning

We use the plasmonic metamask (PMM) technique introduced by Guo et al. [33,34]
to pattern the substrates with an array of +1 and —1 defects (these defects should not be
confused with “defects” induced by mishandling of the samples or by dust particles). PMM
is an aluminum film with a thickness of 150 nm containing an array of nanoslits, each
with a length of 220 nm and a width of 100 nm. When an unpolarized light beam passes
through a nanoslit, the transmitted light becomes polarized along the short axis of the
nanoslit. The degree of polarization of the transmitted light depends on the wavelength.
Guo et al. [34] demonstrated experimentally and through numerical simulations that the
polarization contrast ratio exceeds 7 dB for wavelengths ranging from 400 to 800 nm. The
transmitted light beam irradiates the cells, as shown in Figure 1b. We use two types of cells
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in this work: BY-BY and BY-PS cells. The BY-PS cells are assembled with one BY-coated
substrate and one polystyrene (PS)-coated substrate, with the coated surfaces facing each
other. Preparation of the PS-coated substrates is explained later in the text, Section 3.1.
During photoalignment, BY-PS cells are positioned so that the BY-coated substrate is closer
to the light source. Irradiated light aligns azobenzene molecules perpendicularly to the
light polarization direction. As a result, a desired pattern, which replicates the pattern
of nanoslits in the PMM, is produced in the azo-dye layer. The BY molecule exhibits
an absorption range of 350-500 nm, with a peak at 432 nm [49]. We use a light source
EXFO X-Cite (Excelitas Technologies, Pittsburgh, PA, USA) with a wavelength range of
(320-750) nm, which fully covers the absorption spectrum of BY. The light beam propagates
along the normal to the PMM and the cell, Figure 1b. The light intensity I is measured at
the point of cell incidence using a power and energy meter console PM 100D (Thorlabs,
Newton, NJ, USA).

A periodic square lattice of defects with strength +1 and —1 is designed by using
a superposition rule for the in-plane director, fipy = (nx, 1y, O) = (cos ¢,sing,0), where

Q= Z?:l 2?21 (—1)i+j arctan(ZjZ), x and y are the Cartesian coordinates, p and g are the
numbers of defects in rows and columns, respectively, p = q = 10; 2 = b = 200 pm is the
distance between the defects along the x and y directions, respectively. The +1 defects in
the pattern are of a radial type, so that the director around them experiences mostly splay,

Figure 1c.

2.3. Nematic Material

The photopatterned cells are filled with 4-butyl-4-heptyl-bicyclohexyl-4-carbononitrile
(CCN-47), as shown in Figure 1a, by capillary action in the isotropic state at the temperature
70 °C. The material exhibits the following phase transitions upon heating: Smectic A
29.9 °C Nematic 58.5 °C Isotropic. After filling the cells, they are kept at 45 °C during the
experiments using a Linkam hot stage (Linkam Scientific, Redhill, UK). At 45 °C, the elastic
constants K; of splay and K3 of bend for CCN-47 are equal, K; = K3 = K = 8 pN [59,60],
which allows one to use the superposition rule for the director field and to analyze the
elastic properties of the patterns in the so-called one-constant approximation [61].

2.4. Optical Microscopy Characterization

The optical textures of photopatterned LC cells are recorded using an Olympus BX51
polarized optical microscope (Olympus, Tokyo, Japan) equipped with a Basler (acA1920-
155um) digital color camera (Basler, Ahrensburg, Germany), Figure le,f. A full-wavelength
(530 nm) optical compensator is used to reconstruct the director field, Figure 1f. Regions
where the director aligns parallel to the slow axis of the compensator exhibit a blue interfer-
ence color, while areas where the director is perpendicular to the slow axis appear yellow.
The left defect in Figure le,f is a + 1 radial defect, while the right one is a — 1 defect. The
separation distance between half integer defects, d, is measured using the open-source
software package Fiji/Image], version 2.140/1.54f.

2.5. Theoretical Background

Defects of strength +1 tend to split into pairs of +-1/2 to reduce their elastic energy [61].
In the so-called one-constant approximation, the elastic repulsive potential of two +1/2
or two —1/2 defects is weakly dependent on their separation d: Fg = — ”T”’ln %, where
K is the average Frank elastic modulus, / and r. are the cell thickness and the radius of
the disclination core, respectively [26,61]. In a photopatterned cell, the separation of the
defects is resisted by surface anchoring that tends to enforce the patterned +1 defects.
The elasticity-anchoring balance determines the equilibrium separation distance d of the

semi-integer cores. The surface anchoring energy of a patterned cell can be found by
integrating the Rapini-Papoular potential, Fs = 2 fozﬂ fod W [1 - (ﬁgy~ﬁLc)2] rdrdg which
yields Fg = 20 WdZ; here fic is the actual director field of a split defect pair, figy is the ideal
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1.0 wt% BY

radial pattern of the easy axis at the substrates, « ~ 0.184 is a numerical coefficient, and
the factor 2 reflects anchoring at both plates [26,40,61]. The equilibrium value of 4 allows
one to calculate the anchoring strength as W = 7Kh/ (8ad?). For cells assembled with one
photopatterned surface and the second plate providing degenerate in-plane anchoring,
W = niKh/ (4ad?).

We calculate W by measuring d and /1 and using the known values of K and «. The res-
olution of the optical microscope is sufficient for precise measurements, as the experiments
show that the parameter d is higher than 3 pm even for the highest achieved anchoring.
The distance between neighboring photopatterned +1 and —1 defects is set to be ~ 200 um,
which is sufficiently large to prevent any interactions between them. The experiments
are designed with thin cells to ensure core splitting is the prevailing director structure
as opposed to the escape in the third dimension [40,62]. Each data point for d and W
represents the average value obtained from 50 defects of the same sign within the array,
with the errors calculated as the standard deviation [63].

3. Results
3.1. Effect of BY Layer Thickness on Photoalignment

The thickness b of BY coatings affects the anchoring strength. Therefore, BY coatings
with different thicknesses are produced by spin coating solutions with different BY con-
centrations. The thickness b is measured using a digital holographic microscope (Lyncée
Tec., Chino, CA, USA) in a reflection mode with a vertical resolution better than 1 nm.
A portion of the BY coating is removed by wiping the substrate with water, followed by
isopropanol using a cotton bud, exposing the glass surface to serve as the reference for
thickness measurement, Figure 2a. After imaging the surface, the height difference between
the coating and the glass substrate is measured using the open-source software package
Fiji/Image], Figure 2b. Thickness is measured at 10 different locations on the coated surface,
and the average of these measurements is used as b. Changing the BY concentrations (0.2,
0.4,0.5,0.6,0.8,1.0,2.0, and 4.0 wt%) in DMF results in different values of b, ranging from
3.2 to 80.9 nm, Figure 2c. The thickness b was also verified by scratching the BY-coated
glass with a sharp blade to create a groove; the depth b of the groove is measured by a
digital holographic microscope. The b values obtained by the two methods are in good
agreement with each other, being within the measurement error.

©
".‘ BY concentration, wt% BY; layell'“tllllickness,

WAL, o 0.2 32+0.1
M 0.4 5.5£0.2

0.5 7.6£0.2

J 0.6 82102

0.8 125202

L& 1.0 171203
w 2.0 37.3£0.9

50 100 150 200 250 300 al 80.9+1.8

Distance from A to B (um)

Figure 2. Brilliant Yellow layer thickness measurement. (a) An image of a 1.0 wt% BY-coated, partially
wiped surface taken using a digital holographic microscope. The left side of the image shows the
BY coating, while the right side shows the glass surface after wiping off the coating. (b) The surface
profile plot along the line AB marked in (a). (c) BY layer thicknesses for different BY concentrations
in the spin-coated solutions.

A larger b reduces the intensity of light that reaches the second plate that is further
away from the source due to absorption by the BY layer on the front plate. To explore
the effect, we prepare the BY-PS cells with one BY-coated substrate as the front plate and
a polystyrene (PS)-coated glass plate as the back substrate. During photoirradiation, the
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(@) |

30 um

3.2 nm 7.6 nm
(b)

pattern is focused on the BY-coated front plate. PS-coated plates yield a negligibly weak
azimuthal anchoring, Wpg ~ 10-197/m? <« W [64]. Thus, it is the patterned substrate
that dictates the director orientation and the separation distance between the defects. The
anchoring coefficient for these BY-PS cells is calculated as W = (mKh)/ (4lxd2). The PS-
coated plates are prepared by spin coating (3000 rpm, 30 s) a solution of 0.5 wt% PS in
chloroform (Sigma-Aldrich, >98%) on clean glass substrates. The plates are kept at 80 °C for
30 min to evaporate the solvent. All cell preparation steps and observations are conducted
on the same day. The cells are photopatterned with I = 5.50 x 10°Wm~?2 for 30 min.

The anchoring coefficient is measured for BY-PS cells with different b, Figure 3a—c. For
a thin BY layer of 3.2 nm, W is weak ~ 0.2 x 10~®Jm~2, Figure 3c. Anchoring increases
sharply with b and reaches a maximum of 0.98 x 10~°Jm~2 for b ranging from 5.5 nm to
8.2 nm, Figure 3c. For layers with b = (12.5 — 37.3) nm, W sharply decreases to around
10~7Jm~2 and remains constant for thicker BY layers, Figure 3c.

!
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Figure 3. Effect of Brilliant Yellow coating thickness on photoalignment in BY-PS cells. (a) Optical
microscopy textures of photopatterned cells with different BY layer thicknesses, b. 1 = 2.2 £ 0.2 um.
Cells are photopatterned with I = 5.50 x 102 Wm~2 and a dose of 9.90 x 10° Jm~2, corresponding to
an irradiation time 7 = 30 min. Cell preparation and observation steps are performed on the same
day. (b) de, and (c) W, as functions of b. Each data point represents the average value obtained from
50 defects of the same sign within the array, with the errors calculated as the standard deviation.

The weak W at the thinnest BY coatings (4 = 3.2 nm) is most likely caused by the
surface roughness of the glass, ITO, and the coating itself. As clear from Figure 2b, the
thickness 3.2 nm is within the range of the measured variations of the coating’s surface,
which implies that in some places there might not be enough BY molecules. Another
potential reason for weak anchoring at thin coatings is a formation of hydrogen bonds
between the BY molecules and the hydrophilic UV/Og3-treated ITO surface. As noted by
Wang et al. [57], BY films of 3 nm thickness on a hydrophilic substrate of polyvinyl alcohol
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(PVA) demonstrated a low degree of orientational order as compared to thicker films. The
effect was attributed to the formation of hydrogen bonds between the BY molecules and
the hydroxide OH group of PVA which hinders the trans-cis isomerization of BY molecules
needed for light-induced alignment [57,65].

The weak W at thick BY layers is attributed to weaker light intensity received by BY
molecules at the interface with the LC, due to absorption by BY along the light path. The
light transmittance through BY layers of varying thicknesses is measured at wavelength
410 nm using a UV /VIS spectrometer Lambda 18 (Perkin Elmer, Waltham, MA, USA). The
data show 90% of incident light is transmitted by the BY layers when b < 6 nm, but the
transmission is reduced to 22% for b = 80.9 nm, Figure 4b. As a result, the light intensity
received by BY molecules on the surface that will meet the LC is substantially reduced,
Figure 4a,b. As the effective intensity decreases, the effective dose also decreases; both
factors yield a weaker W. Since BY layers with thicknesses less than 8 nm transmit over 85%
of the incident light, and the thickness of 5-8 nm results in stronger azimuthal anchoring,
a 7.6 nm thick BY-coating layer (spin coated with a 0.5 wt% BY solution) is used for the
rest of experiments, presented in Figures 5-7. For a BY-BY cell, each with a 7.6 nm thick
BY layer, the substrate that is further from the light source receives 87% of the incident
light intensity during photoalignment. In such a cell, both BY surfaces that will later meet
the LC are aligned with the same light intensity, 87% of the incident light. As shown
in Figure 3c, this intensity is sufficient to achieve the strongest anchoring. Therefore, all
subsequent experiments are performed using BY-BY cells assembled with two BY-coated
glass substrates.

b
@ ﬁ ®) 100
BY surface that will o 90 'Hi
come in contact with S 80 F }
~ s X
LCinacell 70 |
10 Iout §\ 60 |
! g ~ 50 |
)
S 40 + ‘
‘g 30
w
X t
/ \ 10 |
Glass Spin coated 0 . g i .
Brilliant yellow 0 20 40 60 80 100

b, nm

Figure 4. Transmittance measurements of different Brilliant Yellow layer thicknesses. (a) Schematic
illustration of BY-coated glass. Here, Ij is the incident light intensity and oyt is the intensity of light
transmitted through BY layer. (b) Transmission as a function of BY coating thickness. The wavelength
of light is 410 nm.
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Figure 5. Effect of dose and light intensity on photoalignment in BY-BY cells. (a-d) Optical microscopy
textures of photopatterned cells at different irradiation doses and light intensities. The images show
a pair of +1/2 defects split from a photopatterned +1 defect. h = 1.3+ 0.3 um and b = 7.6 nm.
Cell preparation and characterization are performed within two consecutive days. (e) Azimuthal
surface anchoring coefficient, W, as a function of dose for various light intensities. (f) W as a
function of I for different doses. Colors indicate different intensities and doses in (e,f), respectively.
Filled circles represent +1 defects, and open circles represent -1 defects. Each data point for W
represents the average value obtained from 50 defects in the array, with the errors calculated as the
standard deviation.
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Figure 6. Effect of non-irradiated BY-coated layer aging on photoalignment in BY-BY cells.
(a) ‘%2, and (b) W, as functions of non-irradiated BY layer aging time. Each data point represents the
average value obtained from 50, +1 and 50, —1 defects within the array, with the errors calculated
as the standard deviation. 1 = 1.1 £ 0.2 um and b = 7.6 nm. Cell assembly, photopatterning, and
characterization are performed on the same day. Cells are photopatterned with I = 5.50 x 10> Wm 2
and dose 0f 9.90 x 10° Jm~2.
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Figure 7. Surface patterning stability of aged LC-filled BY-BY cells. (a) d?/h, and (b) W, as functions of
the age of the LC filled cell. Each data point represents the average value obtained from 50 defects of
the same sign within the array, with the errors calculated as the standard deviation. 1 = 1.5 £0.02 um
and b = 7.6 nm. The cell is photopatterned with I = 5.50 x 102 Wm~2 and a dose of 9.90 x 10° Jm~2.
Cell preparation steps are performed on the same day and observation is performed as the cell ages.

3.2. Effect of Light Dose and Intensity on Photoalignment

The BY-BY cells are photopatterned with four different light irradiation doses. The
dose is defined as a product of irradiation time (7) and the light intensity I. T is changed
to vary the dose while I is kept constant. When studying the effect of I, the dose is kept
constant by varying 7. The cell preparation and characterization are completed within a
maximum of two consecutive days to minimize the effects of aging.

Increasing the dose from 1.65 x 10° Jm~2 t0 9.90 x 10° Jm~2 results in an increase in
W, Figure 5(a—d rows) and Figure 5e; W saturates at doses higher than 4.6 x 10° Jm~2.
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This behavior is consistent with the previous study on the effect of photopatterning time
on W [40].

Increasing I from 1.25 x 10> Wm ™2 to 7.25 x 10> Wm 2 at a fixed dose increases W and
creates better alignment, Figure 5(i—v columns) and Figure 5f. It is notable that although dose
and I are interrelated, both must be set properly to achieve a high-quality patterning. For in-
stance, photopatterning with a high dose of 9.90 x 10° Jm 2 and a low I of 1.25 x 10> Wm 2
results in a poor alignment (Figure 5d.i), and a weak W = 0.3640.02 x 107° Jm~2,
Figure 5e,f. However, a moderate dose of 2.25 x 10° Jm~2 at I > 5.50 x 102 Wm 2 re-
sults in a better alignment with W > 0.4 x 10-¢ ]mfz. Using W values, one can establish
criteria for setting irradiation conditions to achieve a good alignment. The results also show
that W can be tuned by adjusting the dose and I.

At a constant dose, photopatterning with high I for a short T is more efficient than low
intensity irradiation over a prolonged 7 (compare columns i and v in Figure 5), Figure 5f.
This indicates that the total number of photons is not the single decisive factor defining
the anchoring strength. The intensity-dependent behavior of W suggests that photoisomer-
ization occurs as a collective process, where the isomerization of individual BY molecules
depends on the isomerization probability of neighboring molecules. Schonhoff et al. [66]
observed a similar dependency of molecular photoreorientation on intensity for 4-(4'-N-
octadecylamino)phenylazocyanobenzene (amino azobenzene) films irradiated by polarized
light with varying intensity but a constant dose and concluded that photoreorientation is a
pronounced collective effect.

3.3. Effect of Aging of Non-Irradiated BY Coatings

The glass substrates, which were spin-coated with BY and then baked, are stored in
a Humidity and Temperature-Controlled Cabinet (SIRUI HC series, Zhongshan, China)
for up to 310 days at relative humidity (RH) 25-35%, and 23 °C. Then BY-BY cells are
assembled using two aged, non-irradiated BY-coated plates. After a predetermined aging
time, the BY coatings are photopatterned with an I of 5.50 x 102 Wm~2 for 30 min. The
cells are filled with the nematic material, sealed and analyzed under the optical microscope.

Aging of the non-irradiated BY layer impacts photopatterning in two phases. For BY
layers irradiated within 15 days after the layers were spin-coated, dried, and baked, W
remains constant at ~ (0.88 4- 0.01) x 10~® Jm~2, Figure 6. This suggests that BY-coated
substrates can be safely stored at controlled humidity conditions (at RH 25-35%) for around
two weeks without a noticeable effect on their photopatterning quality. However, for
older BY layers, W decreases continuously with age and reduces to 0.08 x 10~ Jm~2 for
substrates photopatterned 310 days after preparation, Figure 6. A possible reason could
be the water absorption by the BY layers during storage. As already noted, we control the
RH of the environment at less than 20% during the spin coating and baking, but during
the storage, the RH is at higher levels 20-35%. Absorption of water during the prolonged
storage can result in aggregation of BY molecules into J-structures, a process called by Shi
et al. [58] “hydrogen-bond-assisted self-assembly of BY molecules with water molecule
insertion”. The molecules in J-aggregates are less likely to undergo an efficient trans-to-cis
isomerization. Accumulation of water at the substrate-BY interface with a suppression of
isomerization through hydrogen bonds might also contribute to the effect of aging.

3.4. Surface Patterning Stability of Aged LC-Filled Cells

A photopatterned BY-BY cell is filled with CCN-47, and the edges of the cell are sealed
with epoxy glue after the filling. Photopatterning is performed with I = 5.50 x 102 Wm 2
for 30 min. The LC-filled BY-BY cell is maintained in an environment with RH < 50% at
45 °C for 72 days. While maintaining the temperature at 45 °C to stabilize the nematic
phase, optical textures of the cell are recorded over time as the cell ages.

The distance d remains at around 10.4 &= 0.3 um for 26 days, corresponding to
W = (0.8240.01) x 107® Jm~2, Figure 7a,b. Maintaining the cell for a longer period
(around 72 days) results in a slight decrease in W to 0.76 x 10~° Jm~2, Figure 7b. This result
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suggests that filling the photopatterned cell with LC and sealing it helps to preserve the
quality of photopatterning. The observed decline could be due to the gradual dissolution
of LC into the BY coating [67,68] or the dissolving of epoxy glue into the LC over time [69].

4. Conclusions

We have demonstrated how various photopatterning conditions, including the thick-
ness b of the azobenzene alignment layers the intensity I of the light used for photopat-
terning, the irradiation dose, and substrate aging, affect the anchoring strength of a pho-
topatterned nematic LC. Our results show that BY layers of thickness b =5-8 nm produce
the strongest anchoring coefficient W. Moreover, W increases with both irradiation dose
and I. Also, aging of non-irradiated substrates beyond 15 days significantly reduces W.
However, if the cell is filled with a LC immediately after photopatterning of the BY layer, W
remains constant for up to 4 weeks. This work provides practical strategies for enhancing
the azimuthal strength of the photopatterned anchoring of nematics. The results offer
guidelines for optimizing BY photoalignment parameters and storage.

The method to measure the azimuthal anchoring coefficient described in this paper
is based on the properties of topological defects produced by photopatterning; it does
not require one to use a second plate, for example, a rubbed polyimide plate, with an
anchoring much stronger than the photoalignment anchoring [47,51,70]. It also does not
require one to use any external fields [71-73] or to prepare wedge samples of varying
thickness [74-76]. Within a broader prospectus, our approach to measuring the azimuthal
anchoring coefficient can be extended to other photoalignment materials, such as SD-1 that
does not feature absorption peaks in the visible spectral range [49] and thus might be better
suited for applications that require a long-term stability.
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Abstract: The S-(4-pentylphenyl) 4-(pentyloxy)benzothioate, forming the nematic phase, is investi-
gated by X-ray diffraction in temperatures between 263 K and 365 K, with the support of differential
scanning calorimetry and polarizing optical microscopy. The microscopic observations show changes
within the solid state, while X-ray diffraction does not indicate any transitions between the crystal
phases. The Rietveld refinement shows that the crystal phase formed from the melt is the same
monoclinic crystal phase with the P2;/c space group as reported for a single crystal grown from an
ethanol solution. The temperature dependence of the unit cell parameters in the 263-335 K range
is determined and the coefficients of thermal expansion are obtained. The unit cell expands on
heating along the longer ac-diagonal and b-axis while, along the shorter ac-diagonal, a very small
shrinkage occurs. The diffraction patterns of the liquid crystalline nematic phase indicate the forma-
tion of dimers via hydrogen bonding. Density functional theory calculations (def2TZVPP basis set,
B3LYP-D3(BJ) correlation-exchange functional) are applied for geometry optimization of an isolated
molecule and selected dimers.

Keywords: nematic liquid crystal; thermal expansion of crystal; X-ray diffraction

1. Introduction

The nematic phase is the simplest liquid crystalline phase, which possesses only the
long-range orientational order. The long axes of molecules are oriented on average in a
common direction, denoted by the director versor 7 (Figure 1a). The nematic phase does
not show long-range positional order, but short-range positional order is present [1,2].
Compounds forming the nematic phase have an important place in the display tech-
nology, which is continuously developed [3-5]. They are also subjects of ongoing basis
studies, as new types of the nematic phase are searched for, e.g., biaxial or twist-bend
nematics [6-8]. S-(4-pentylphenyl) 4-(alkyloxy)benzothioates (Figure 1b) are the homol-
ogous series known from their mesomorphic properties, which depend on the length of
the C,Hpn41 chain [9-19]. They were tested as components of mixtures with other liquid
crystals, e.g., [19]. Homologues with n = 4-6 show only the nematic phase and longer
homologues with n = 7-12 exhibit also the smectic C phase (n = 7) or a few smectic phases
(n = 8-12) [9-19] with the lamellar order [1,2]. For the homologues with n = 4-7, crystal
structures were solved by single-crystal X-ray diffraction (XRD) [14-17]. While, for n
=7, the crystal phase and both liquid crystalline phases (nematic and smectic C) were
investigated by XRD at various temperatures [14], for n = 4-6, as far as we are aware,
only the XRD results at room temperature were published [15-17]. Herein, we present
the structural investigations by XRD for the S-(4-pentylphenyl) 4-(pentyloxy)benzothioate
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compound, with n = 5, abbreviated either as 555 or 50S5 (used in this paper). The phase
sequence of 50S5 on heating is crystal (335 K) nematic (353 K) isotropic liquid [18]. These
three phases are abbreviated further as Cr, N and Iso, respectively. The crystal structure
obtained at 295 K for the 50S5 single-crystal grown from an ethanol solution is monoclinic
(a#b#c, B#90° a=7=90°), with the P2;/c space group. The molecules are arranged
parallel to each other, which corresponds well to the N phase observed above the melting
temperature. Weak hydrogen bonds of the C-H. . .O type exist in the Cr phase [17]. Our
aim is to examine whether 50S5 shows polymorphism in the solid state, as well as to
investigate the short-range positional order in the N and Iso phases. Although the main
experimental method is XRD, the results of differential scanning calorimetry (DSC) and
polarizing optical microscopy (POM) are also presented for comparison.

Wl o
Vi o

Figure 1. Scheme of the nematic phase (a) and the molecular formula of S-(4-pentylphenyl) 4-

>

C5H11

(alkyloxy)benzothioates (nOS5) (b). For the homologue in this study, n = 5.

2. Materials and Methods

Polycrystalline S-(4-pentylphenyl) 4-(pentyloxy)benzothioate was synthesized accord-
ing to the method described in [13].

DSC measurements were performed with the PerkinElmer DSC 8000 calorimeter
in the 263-373 K range in two cycles of heating and cooling with a 5 K/min rate. The
results from the second cycle were used in analysis. The calibration was based on the
melting points of indium and water. The sample weighting 3.10 mg was sealed within an
aluminum pan. Data analysis was carried out using the PerkinElmer software. The phase
transition temperatures and enthalpy changes were determined with uncertainties of 0.5 K
and 0.08 kJ/mol, respectively.

The POM measurements were carried out with the Leica DM2700 P microscope in
the 263-365 K range in three cycles of cooling and heating with a 5 K/min rate. The
temperature was controlled by the Linkam attachment. The phase transitions in the vicinity
of the clearing temperature were additionally observed during cooling with a 1 K/min rate
from 363 K to 343 K. The transition within the solid state was investigated in isothermal
conditions for temperatures of 280, 282 and 284 K. The sample was heated to 365 K and
cooled down to 263 K at 20 K/min, then heated to a selected temperature, also at 20 K/min,
and observed at a constant temperature. The sample was placed between two glass slides
not covered by any aligning layer. The average luminance of recorded textures as a function
of temperature was calculated using the TOApy program [20,21].

The XRD measurements were performed with the X'Pert PRO diffractometer (PANa-
lytical) using the CuK« radiation with the Bragg-Brentano geometry in the 26 = 2-30° or
2-8° range. The temperature in the 263-365 K range was controlled by the TTK-450 stage
(Anton Paar). The sample in polycrystalline form was placed into a flat sample holder
and pressed with a glass slide. The diffraction patterns were collected during different
temperature programs:

(a) first heating of a pristine sample which was not melted after synthesis,
(b) heating after direct cooling with a 5 K/min rate from 365 to 263 K,

(¢) cooling from 365 to 298 K,

(d) cooling from 365 to 298 K in the low-angle region only.

In programs (a—c), the measurements were carried out in the 20 = 2-30° range with a
rate of 0.078° /s, the 0.033° step and 4 diffraction patterns collected for each temperature.
In program (d), the measurements were carried out in the 26 = 2-8° range with a rate of
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0.046° /s, the 0.017° step and 24 diffraction patterns collected for each temperature. The
data analysis was performed in FullProf [22], PASCal [23,24] and OriginPro.

The DFT calculations for an isolated molecule and dimers were carried out in Gaus-
sian, version 16.C.01 [25], with the def2TZVPP basis set [26], B3LYP correlation-exchange
functional [27,28] and Grimme’s D3 dispersion with Becke-Johnson damping [29]. The
optimized models were visualized in Avogadro [30].

3. Results
3.1. DSC Thermograms

The DSC results are presented in Figure 2 and Table 1. During cooling, 50S5 shows the
N phase at the wide temperature range and crystallization is observed at room temperature.
The large supercooling of the nematic phase is likely to be caused by too low a nucleation
rate above room temperature, which prevents crystallization [31]. Supercooling is com-
monly reported for liquid crystals [32-34]. No transition between the crystal phases is
observed during cooling down to 263 K and during heating. However, the absolute value of
the enthalpy change during crystallization, 14.6 k] /mol, is much smaller than the enthalpy
of melting, 33.2 k] /mol. This indicates that the recrystallization effect occurs in the sample
before melting, but its rate is too slow to be visible as an anomaly in the DSC curve. The
anomaly between the N and Iso phases has an irregular shape both for cooling and heating,
which can be interpreted as two overlapping anomalies. The unknown phase, present in a
narrow temperature range between N and Iso, is denoted as X. In some chiral compounds,
the blue phase is present between N* and Iso [35], but this is not the case for 50S5, which is
achiral. Another explanation is the presence of two types of the nematic phase, e.g., regular
N at higher temperatures and twist-bent Ntg at lower temperatures [6,7]. On the other
hand, the Ntg phase is formed by molecules with a bent shape, while 50S5 molecules are
rather rod-like and are expected to form only a regular N phase.

o
o

20 : —— heating
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Figure 2. DSC thermogram of 50S5 registered during the second heating/cooling cycle at a 5 K/min

rate. The inset shows the enlarged region around the clearing temperature.

Table 1. Thermodynamic parameters of the phase transitions of 5055 determined by the DSC method
(5 K/min): onset temperature, peak temperature, enthalpy change and entropy change.

Transition T, (K) T, (K) AH (kJ/mol) AS (J/(mol-K))
Cr— N 333.6 335.1 33.2 99.1
N—X 352.0 352.6 0.2 0.6
X — Iso 352.8 353.3 0.6 1.8
Iso — X 353.1 352.7 —0.7 -19
X—=N - 352.1 —0.3 —0.7
N — Cr 287.0 286.6 —14.6 -
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3.2. POM Observations

The POM measurements at the 5 K/min rate (Figure 3) confirm the presence of the
nematic phase with a schlieren texture during cooling [2]. After cooling to 288-289 K, the
transition to the crystal phase denoted as Cr2 is observed. The transition occurs via a single
front of crystallization. During heating, the Cr2 phase transforms to another crystal phase,
Crl. The new crystal phase is formed by gradual growth of crystallites, instead of the single
front of crystallization. In isothermal conditions at 260-264 K, the Cr2 — Cr1 transition
lasts for a few minutes (up to 440 s). After melting of the crystal phase, the texture of N
resembles that of Crl. The phase transition temperatures, obtained as an average over three
cooling/heating cycles, are Iso (355 K) N (288 K) Cr2 during cooling and Cr2 (287 K) Crl
(337 K) N (356 K) Iso during heating. The results from three cycles agree with each other
within 1 K, except for the Cr2/Cr1 transition temperature, which is 291, 282, 288 K for the
first, second and third cycle, respectively. The melt crystallization and Cr2/Cr1 transition
occur at the same temperature region close to room temperature. The schlieren textures
collected during slow cooling at 1 K/min in the range of the Iso -+ X — N transitions
(Figure 4) show only changes in color, while observed defects are the same. The four-brush
disclination, indicated by an arrow in the top-left corner of a texture collected at 355.4 K is
visible down to 343 K, which is well below the X — N transition. Such a defect indicates
uniaxiality of the N phase [8]. Thus, the X — N transition cannot be the transition between
the uniaxial and biaxial nematic phases.
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Figure 3. POM textures of 50S5 collected during cooling (a) and heating (b) at a 5 K/min rate, with
the corresponding results of numerical analysis in the TOApy program. Each texture shows an area
of 622 um x 466 pm.
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Figure 4. POM textures of 50S5 collected during cooling at a 1 K/min rate, with the corresponding
results of numerical analysis in the TOApy program. Each texture shows an area of 622 um x 466 pum.

3.3. Structural Study by XRD

Only one crystal phase is observed in the XRD patterns of 50S5 (Figure 5), as the
positions of the diffraction peaks are the same both for the pristine sample and for the
crystal grown from melt. The differences in the relative intensities of the peaks are caused
by the effect of the preferred orientation of crystallites. The Rietveld refinement [36],
performed for the patterns of the crystal phase grown from melt (Figure 6), shows that
the observed crystal phase is the same as the monoclinic one reported for a single crystal
in [17]. The coordinates of non-hydrogen atoms and their isotropic thermal coefficients
were fixed to values from [17]. The hydrogen’s coordinates were generated in the Avogadro
program [30] and their isotropic thermal coefficients were assumed to be the same as the
corresponding carbon atoms. The fitting parameters were the lattice constants, § angle,
scale factor, zero of diffractometer (systematic shift in 26), half-width of the peaks and
preferred orientation (selection of the [101] direction gave the best fitting results). For the
pristine sample, the preferred orientation, probably in the [100] direction, was so strong
that we were unable to perform a satisfactory Rietveld refinement. Instead, the Le Bail
fitting [37] was applied, where the peak intensities are treated as fitting parameters and are
not calculated from the atomic coordinates. The determined parameters of the monoclinic
unit cell are presented in Figure 7. Although the values obtained by the Le Bail fitting have
smaller uncertainty bars, the results of the Rietveld refinement are treated as more reliable
because in the latter method, the peak intensities are based on the experimental crystal
structure. This is supported by the fact that the unit cell parameters reported for a single
crystal in 295 K in [17] are in better agreement with the results of the Rietveld refinement
than with the Le Bail fitting (with the exception of the  angle).

The results of the linear fits to the lattice parameters are presented in Table 2. All lattice
constants a, b, c increase with increasing temperature; however, the 8 angle also increases,
therefore the coefficients of thermal expansion (CTEs) do not have to be positive in all
directions. The PASCal program [23,24] was applied to calculate the relationship between
the principal strain axes x, v, z and the axes of the monoclinic unit cell 4, b, ¢, as well as to

obtain CTEs (Table 3):
_ 1 /L(T)
" T( Lo 1)’ W

where L; and L;y are lengths along the i = x, y, z directions at temperatures T and 0,
respectively. Only the results from the Rietveld refinement for the patterns collected on
heating from 263 K to 335 K were used. The x principal axis is approximately parallel to the
shorter diagonal of the ac-base ([110] direction) and the corresponding CTE is negative but
very close to zero, ay = —7.5(6.5)-10~° /K. The y axis is oriented along the b crystallographic
axis and the CTE along this direction has an intermediate value, ay = 75(3)-107% /K. The
largest CTE, a = 226(5)-10~° /K, is along the z axis, which is approximately parallel to the
longer diagonal of the ac-base (HlO} direction). These results mean that the increasing

178



Crystals 2024, 14, 367

temperature leads mainly to increasing distance between long molecular axes in the 5055
crystal, the same as for previously investigated 70S5 [14].
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Figure 5. X-ray diffraction patterns of 50S5 collected during the 1st heating of a pristine sample (a),
heating after direct cooling at 5 K/min from 365 to 263 K (b), cooling from 365 K in the 26 = 2-30°
range (c) and slower cooling from 365 K in the 26 = 2-8° range (d). The wide maximum at 20 ~ 7° is a
background contribution. The 20 values were corrected by the zero of the diffractometer determined
from the Rietveld refinement for the crystal phase.
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Figure 6. Example of the Rietveld refinement for the diffraction pattern of 50S5 collected after slow
cooling to 298 K.
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Figure 7. Monoclinic unit cell parameters of 50S5: lattice constants (a—c), volume (d) and the  angle
(inset in (b)) as a function of temperature. Open points denote results obtained by the Le Bail fitting
for the pristine sample, and solid points denote results obtained by the Rietveld refinement for the
crystal formed from the melt. The linear fits to the experimental points are shown. The enlarged
solid circles refer to the lattice parameters in 298 K after slow cooling and were excluded from the
linear fits.

Table 2. Results of linear fits to the monoclinic unit cell parameters of 50S5 as a function of increasing
temperature, determined by the Le Bail fitting for the pristine sample and by the Rietveld refinement
for the crystal grown from melt.

Parameter Pristine Sample Crystal Grown from Melt
Intercept Slope Intercept Slope
a 18.61(5) A 0.0042(2) A/K 18.99(3) A 0.00279(7) A/K
b 5.32(6) A 0.0010(2) A/K 5.476(4) A 0.00041(2) A/K
c 19.6(2) A 0.0026(5) A/K 19.39(2) A 0.00290(7) A /K
B 98.8(4)° 0.021(2)° /K 102.0(2)° 0.0119(7)° /K
1% 1947(33) A3 0.8(1) A3/K 1974(5) A3 0.64(2) A3/K

Table 3. Matrix of transition between the unit cell axes 4, b, c and principal axes x, y, z, and the
coefficients of thermal expansion along the principal axes calculated in PASCal based on results of

the Rietveld refinement for the crystal phase of 50S5.

Principal Axis a c o; [1076/K]
x 0.7298 0 0.6837 —7.5(6.5)
y 0 -1 0 75(3)
z —0.6880 0 0.7257 226(5)
v - § - 295(8)
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The short-range positional order in the N and Iso phases appears in XRD patterns as a
wide maximum with a center at 26 ~ 20°. If the patterns are plotted as a function of the
scattering vector g, the relationship with the 26 angle of which is as follows:

47tsin 0
- e

then the wide maximum is described by the Lorentz function [1,38]:

A
I(g) = ————— +Bg+C. 3
(7) 1+ 2(g !70)2 q 3)

The position of the maximum g is inversely proportional to the average distance w
between molecules: g9 = 271 /w and the half-width of the maximum is inversely proportional
to the correlation length ¢ of the short-range order. The A parameter is the height of the
maximum, while B and C are the slope and intercept of the linear background. The w and
¢ values obtained for 50S5 are shown in Figure 8. The w distance both in the N and Iso
phases increases slowly with increasing temperature in the 4.39-4.56 A range with the
slope of 0.00252(9) A/K and it is interpreted as the average distance between the long
axes of molecules (or the width of a molecule) [1,38]. There is no significant step in w
at the transition between N and Iso, while this is noticeable for the correlation length,
which decreases by ca. 0.4 A after transition to the Iso phase. Both in N and Iso, the
¢ values decrease with increasing temperature with slopes equal within uncertainties,
—0.013(2) A/K and —0.009(3) A/K, respectively. In the N phase, ¢ has values in the
3.90-4.81 A range, while in Tso it is only 3.55-3.72 A. The small correlation length indicates
that there are only next-neighbor positional correlations between molecules in a direction
perpendicular to their long axes.
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Figure 8. Average distance w between long axes of molecules and correlation length ¢ of the short-
range order in the N and Iso phases of 5055 as a function of temperature. The inset shows the average
distance between short axes of molecules in the nematic phase. The solid lines denote the results of
linear fits and the dashed line indicates the Iso — N transition temperature.

In the nematic phase, the positional short-range order in the direction parallel to the
director results in a diffuse maximum in the low-angle region. The position of this peak is
related to the length of molecules and the half-width is inversely proportional to the parallel
correlation length, which is much larger than the previously discussed correlation length in
a direction perpendicular to the director [1]. In the XRD patterns of 50S5 collected in the
20 = 2-30° range (Figure 5a—c), this maximum was in general not visible. Only in 303 K one
could notice an additional intensity over the low-angle background after comparison with
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the patterns of the Iso phase. This is why the slower XRD measurement in the low-angle
region, described as procedure (d) in Section 2, was necessary. The representative patterns
obtained in this measurement are shown in Figure 5d. The low-angle peak in the N phase
is much stronger than in the previous results because the sample had more time to align.
The high background at low angles was removed by subtracting the pattern collected in
the Iso phase, as it is presented for 345 K. The diffuse maxima from the short-range order
are described by the Lorentz function; however, the fitting of Equation (3) to the low-angle
maximum for 50S5 did not give proper agreement. This indicates that the resolution of the
diffractometer and the short-range order give comparable contribution to the peak’s overall
shape. Because of this, the low-angle peak was fitted with the pseudo-Voigt function, which
is a sum of the Lorentz and Gaussian peaks, and the correlation length in the direction
parallel to the director was not determined. The parameter which was obtained from the
peak’s position is the characteristic distance I (inset in Figure 8). The I distance evolves with
temperature: just below the Iso/N transition, it decreases on cooling and has a minimum of
25.6 A at 340-343 K, then increases with decreasing temperature and has a constant value of
26.0 A below 323 K. The orientational order parameter in the N phase is expressed as [2,39]:

S = %<3coszrp — 1>, 4)

where ¢ is the angle between the long molecular axis of each molecule and the director,
and the averaging is over all molecules. As the orientational order parameter in the N
phase is lower than 1, the | value is expected to be smaller than the molecular length.
Based on the crystal structure, the length of the 5085 molecule is 25.22 A [17]. Meanwhile,
the experimental / distance is equal to 25.6-26.0 A, which exceeds slightly the molecular
length. The isolated molecule optimized by the DFT method (Figure 9) is slightly longer,
27.0 A, where the molecular length is calculated as the maximal H-H distance plus the
non-bonded H-H contact distance 2.2 A from [40]. Still, it leads to unusually high values of
the order parameter in the N phase, S = 0.85-0.89. The possible explanation is the presence
of molecular associations [41]. For 50S5, these can be dimers formed via weak hydrogen
bonds, which was tested using molecular models optimized by the DFT method. Two
examples of dimers are presented in Figure 9. The starting model was the 50S5 molecule
with atomic coordinates determined from the single-crystal X-ray diffraction results [17].
The numbering of atoms in Figure 9a is the same as in [17]. The C(26)-H(26)...0(1)
hydrogen bonds present in the crystal phase involve neighbors in the b-direction, between
the aromatic ring from one molecule and the C=0O group from another molecule. This was
the basis for the optimization of the head-to-head dimer (Figure 9b). During optimization,
the C(26)-H(26). . .O(1) bond was preserved and another C(8)-H(8). . .O(2) bond was formed
between molecules. The length of the head-to-head dimer is 28.5 A. This corresponds to
the ¢ angle equal to 23.8-26.0° and the orientational order parameter of 0.71-0.76, which is
within the range of S = 0.3-0.8 obtained experimentally for other compounds in the nematic
phase [1,42,43]. The increased ! distance in 348-353 K indicates that other types of dimers
may be present at higher temperatures. It also suggests that the X phase may be a nematic
phase, only formed by other dimers than in lower temperatures. A head-to-tail dimer
(Figure 9c) was prepared based on the hydrogen bonds present in the crystal phase of the
70S5 homologue [14]. This dimer is formed by two C(27)-H(27)...0(1) bonds between
the alkyl chain and the C=0 group and after optimization it has a length of 34.5 A, which
corresponds to ¢ = 41.0-42.1° and S = 0.33-0.36, close to the bottom value observed for
other nematogenic compounds [1,42,43]. The energy of a dimer in Figure 9c is larger by
10.2 kJ/mol (mol of molecules, not dimers) than the energy of a dimer in Figure 9b. The
presented dimers are only examples; however, based on the XRD results, it can be assumed
that the fraction of longer dimers decreases with decreasing temperature. It explains the
initial decrease of I just below the clearing temperature. The further increase of I below
340 K is caused by an increasing order parameter.
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(b) ¢

Figure 9. Isolated 50S5 molecule (a) and examples of possible head-to-head (b) and head-to-tail
(c) dimers formed via hydrogen bonds. The geometry optimizations were carried out with the
DFT/B3LYP-D3(BJ)-def2TZVPP method.

4. Summary and Conclusions

The phase transitions of liquid crystalline S-(4-pentylphenyl) 4-(pentyloxy)benzothioate
(50S5) were investigated by X-ray diffraction and complementary methods. The additional
X phase was detected in a narrow temperature range between the isotropic liquid and
nematic phases. The achirality of molecules and their rod-like molecular shape make the
presence of the blue phase or the transition between the regular and twist-bend nematic
phases very unlikely. The texture observation excluded the transition between the uniaxial
and biaxial nematic. For the temperature dependence of the low-angle diffuse maximum
in the nematic phase, let us hypothesize that the X — N transition is related to the change
in a building block, i.e., the types of dimers present in the nematic phase. The X phase is
likely to be a nematic formed mainly by longer dimers, while the N phase is a nematic
formed mainly by shorter dimers. The XRD patterns confirmed the presence of one crystal
phase, for which the coefficients of thermal expansion were determined. In the POM
observations, the transition between the crystal phases was clearly visible during heating,
which was not observed by any other method, the DSC thermograms indicating only some
recrystallization effects. Apparently, in the thin sample placed between two glass slides,
used in texture observations, the melt crystallization leads to the metastable crystal phase,
and transition to the stable crystal phase investigated by XRD occurs via cold crystallization
during heating.
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Abstract: Self-assembly of amphiphilic molecules is an important phenomenon attracting a
broad range of research. In this work, we study the self-assembly of KTOF sphere-rod
amphiphilic molecules in mixed water-dioxane solvents. The molecules are of a T-shaped
geometry, comprised of a hydrophilic spherical Keggin-type cluster attached by a flexible
bridge to the center of a hydrophobic rod-like oligodialkylfluorene (OF), which consists of
four OF units. Transmission electron microscopy (TEM) uncovers self-assembled spherical
structures of KTOF, in dilute solutions. These spheres are filled with smectic-like layers
of KTOF, separated by layers of the solution. There are two types of layer packings:
(i) concentric spheres and (ii) flat layers. The concentric spheres form when the dioxane
volume fraction in the solution is 35-50 vol%. The flat layers are formed when the dioxane
volume fraction is either below (20 and 30 vol%.) or above (55 and 60 vol%.) the indicated
range. The layered structures show no in-plane orientational order and thus resemble
thermotropic smectic A liquid crystals and their lyotropic analogs. The layered packings
reveal edge and screw dislocations. Evaporation of the solvent produces a bulk birefringent
liquid crystal phase with textures resembling the ones of uniaxial nematic liquid crystals.
These findings demonstrate that sphere-rod molecules produce a variety of self-assembled
structures that are controlled by the solvent properties.

Keywords: amphiphilic molecules; self-assembly; TEM; smectic liquid crystal; dislocations

1. Introduction

Self-assembly of amphiphilic molecules in aqueous solutions draws significant at-
tention in many fields, such as molecular chemistry, biochemistry, and biomedicine [1-6].
The self-assembled structures are diverse, ranging from isolated spherical micelles and
vesicles to helices, fibrils, and extended liquid crystals (LCs) such as lyotropic Ly, L1, and
L3 phases [7-22]. Lyotropic LCs, formed by the self-assembly of amphiphilic molecules,
have received considerable attention due to diverse research areas such as drug deliv-
ery [6,23-27] and molecular engineering [28-30]. Self-assembly of amphiphilic surfactants
and flexible block copolymers have been well studied with the rule of “packing parame-
ters”, which predicts the formation of micelles, wormlike micelles, vesicles, bilayers, etc.
However, when some components, especially the solvophobic ones, are rigid and cannot
comply with the conformational changes during the assembly, the common rules will not
be applicable. An interesting example was recently introduced by Luo et al. [13], who
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studied amphiphilic KTOF; molecules in the shape of a letter T, in which a hydrophilic
spherical Keggin-type cluster connects by a flexible link to a center of a hydrophobic
rod-like oligodialkylfluorene (OF), Figure 1a [13]. In the formula of KTOF,, “4” indicates
the number of connected OFs, and “T” represents the shape of the sphere-rod molecule,
Figure 1. The chemical formula of Keggin is (XM1,049)*~ where X is pentavalent phospho-
rus (PV), M is tungsten (W) metal, and O is oxygen. The OF is a combination of carbons
and hydrogens in the shape of a rod. The Keggin clusters and OFs are rigid, while the chain
that connects them is flexible, thus allowing the Keggin and OF segments to move with
respect to each other. The studies by Luo et al. [13] revealed that in water and acetonitrile
(MeCN) mixed solutions, KTOF; molecules self-assemble into spherical inclusions with a
system of concentric layers in their interior. The concentric spherical layers fill the entire
volume of the inclusions with identical interlayer distance. The number of KTOF, bilayers
in the concentric spherical inclusion, and thus the size of the inclusion, depends on the
solvent polarity, temperature, and concentration [13]. In a solution with high polarity,
85 vol% water, the inclusion radius is about 19 nm, including three concentric spherical
bilayers. In a solution with lower polarity, 50 vol% water, the inclusions grow to a radius of
65 nm with 12 bilayers.

(®) ©

\.

:

b= s seeee s e

|

Figure 1. Chemical structures of materials. (a) 3D, (b) 2D representation of sphere—rod shaped
KTOF, with the hydrophilic Keggin cluster attached to the center of OFs, and (c) dioxane. The width
and the length of the rod-shaped OF are approximately 1.3 and 3.4 nm, respectively, and the diameter
of the Keggin sphere is 1.0 nm. The Keggin cluster is indicated in blue, and the OF units are shown in
red in (a).

Spherical concentric packings of layers are frequently observed in droplets of ther-
motropic LCs such as smectics A (SmA) [31], smectics C (SmC) [32], and cholesterics [33-37].
Depending on the type of the order parameter, these spherical concentric packings of lay-
ers show two distinct geometries. In SmA, the orientational order is uniaxial, with the
molecules oriented along the director n which is along the normal U to the layers. A
spherical packing is then of a pure radial type, with IAl along the radial directions, forming
an isolated point defect hedgehog in the center of the droplet. In SmC, the molecular tilt
within the layers produces an additional degree of orientational order, described by a polar

A A A

vector ¢ = n — v(n-v) tangential to the layers. Here, n is tilted with respect to v. As a
result, the spherical packings still carry a radial point defect in the normal direction to the
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layers, but now this point defect is not isolated: it is connected to one or two disclination
lines in the vector field ¢ [32]. Similar “Dirac monopole” concentric packings with radial
disclinations can be observed in cholesteric droplets [33-36,38-42].

Although the spheres of KTOF, inclusions show concentric packings, it is not clear
whether the structures are of an SmA type, i.e., with no orientational order, or of a
SmC/cholesteric type, i.e., with an orientational order within the layers. Such an ori-
entational order might be expected thanks to the presence of the rod-like OFs, which might
prefer to align parallel to each other and form a two-dimensional nematic ordering within
the layers, described by a nonpolar version of the vector c. If this is the case, then the
spherical KTOF; inclusions would be expected to show radial disclination lines in the
c field.

The goal of this work is to explore whether the self-assembled layers of T-shaped
KTOF, molecules have an isotropic or orientationally ordered in-plane structure, by an-
alyzing the nanoscale-resolved transmission electron microscopy (TEM) images of their
spherical inclusions in a mixture of water and 1,4-Dioxane (dioxane), Figure 1c. In solutions
with 0.2 mg/mL KTOEF;, these spheres exhibit two main inner structures: (i) concentric
spherical layers and (ii) flat parallel layers. In the latter case, we do not observe radial
disclinations, which indicates that there is no orientational order within the layers, i.e., the
KTOF, molecules show an isotropic in-plane ordering, similar to the structure of an SmA.
The layered SmA structure shows edge and screw dislocations. The inner geometry of
spherical inclusions is determined by the dioxane volume fraction in the solution. Namely,
the solutions with a scarcity or excess of dioxane form flat layers, in which the concentra-
tion of dioxane in the range 35-50 vol% yields concentric spheres. The flat layers in polar
solvents might be explained by their increased electrostatic repulsion between negatively
charged Keggin clusters and by the hydrophobic attraction of the rod-like OFs. The in-
crease in the concentration of the KTOF; molecules through vaporization of the solvent can
produce a homogeneous nematic-like bulk phase with high birefringence of 0.2.

2. Materials and Methods
2.1. The Material Synthesis

The alkyne-functionalized Keggin, [(PW17039) (SnCHzCHZCONHCHZCCH)]4_, with
4 tetrabutyl ammonium counterions (TBA*) is synthesized based on a reported method
in the literature [43], and the azide-containing OFs are synthesized through the step-
by-step addition of fluorene repeating units [44,45]. Two components are coupled us-
ing azide—alkyne Huisgen cyclo-addition to form sphere—rod shaped hybrids KTOF,,
Figure 1a, as explained in the ref. [13]. Different 0.2 mg/mL KTOF, samples are prepared
by changing the dioxane volume fraction from 20 to 60 vol% in the water and dioxane
mixed solvents.

To estimate the dimensions of the KTOF,; molecule, the molecular structure is drawn
using ChemDraw software (version: 23.1.2). The 3D structure of an isolated molecule in
a vacuum is obtained using the MM2 Energy minimization engine of Chem3D software
(Perkin Elmer, version: 20.0.0.41). Then, the dimensions of energy-minimized molecule are
measured in chem 3D and presented in Figure 1a.

2.2. Transmission Electron Microscopy

A small volume (~3 pL) of the sample solution is placed on a carbon-coated copper grid
and allowed to dry. The dried TEM grids are used for TEM analysis. Regular TEM images
are captured using an FEI Tecnai F20 microscope (200 kV) (FEI Company, Hillsboro, OR,
USA). The basic experimental setup and the procedure are detailed by Gao M. et al. [46].
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The visibility of the layered structures in the TEM images is improved by enhancing the
contrast and brightness using Fiji/Image], version 2.140/1.54f.

2.3. Polarized Optical Microscopy Study of High Concentrated KTOFy

We separately study highly concentrated solutions of KTOF,. A 2.0 mg/mL KTOF,
in 50 vol% dioxane is placed in a capillary tube to allow the mixture to evaporate slowly
and to increase the KTOF, concentration further. A new material with birefringent colors,
abbreviated LCktor4, forms at the capillary tube’s meniscus. The textures of LCxTops sessile
droplets at glass plates are explored under an Olympus BX51 polarized optical microscope
(POM) (Olympus, Tokyo, Japan).

The birefringence of the LCxtor4 is measured in a wedge cell with two PI2555 polyimide-
coated, rubbed glass plates as described in ref. [47,48]. The temperature of the cell is increased
until LCxtors reaches the isotropic phase. The material is then cooled to the nematic phase
(N) while observing under a POM with crossed polarizers. The temperature of the cell is
controlled using a Linkam hot stage (Linkam Scientific, Redhill, UK).

3. Results

We prepare different samples of 0.2 mg/mL KTOF, by changing the dioxane to
water volume fraction. Throughout the text, “X vol% dioxane” refers to a solution with a
dioxane: water ratio of X:(100—X). Unless stated otherwise, a “KTOF, sample” refers to a
sample containing 0.2 mg/mL KTOF,. KTOF, solutions are studied using bright-field TEM
textures. Self-assembled inclusions are observed across the dioxane content of 20-60 vol%.
Precipitation occurs when the dioxane content is below 20 vol%, and the self-assembly is
not observed when dioxane exceeds 70 vol%.

KTOF,4 molecules aggregate into spherical inclusions with radii 25-90 nm, Figure 2a-i.
The inclusion size does not correlate with the dioxane volume fraction through the TEM
results. As revealed in the TEM images, the assembled inclusions are filled with periodic
structures exhibiting alternating dark and bright layers. Two distinct layered structures
are observed in the TEM textures: one consists of concentric spherical layers, and the
other consists of flat layers arranged inside a spherical shape. In the solutions with 20 and
30 vol% dioxane, the spherical structure with flat layers is dominant. As the dioxane
volume fraction increases to 35-50 vol%, the concentric spherical layer structure becomes
dominant. However, at higher dioxane volume fractions, 55 and 60 vol%, the flat layers are
dominant again, Figure 2 and Table 1. The repeated interlayer distance remains constant
at 4.8 nm and does not vary with the dioxane volume fraction. We are not aware of the
re-entrant packing scenario with a sequence flat-spherical-flat as a function of composition
in any other lyotropic layered liquid crystal system.

The composition of the surface layer of the spherical inclusions varies with the dioxane
volume fraction. In solutions with 20, 55, and 60 vol% dioxane, which form flat layers,
some inclusions exhibit a dark interfacial layer with a thickness of 0.8-1.1 nm, which
can be associated with the Keggin clusters, while others have a bright interfacial layer
with a thickness of 1.4-1.9 nm, which might correspond to the combined extension of the
flexible bridge and OF rods along the horizontal direction in Figure 1, which amounts to
about 1.7 nm. A thick, bright layer, with a thickness of 3.8-6.5 nm greater than that of a
KTOF, molecule, is observed around some inclusions in compositions with 30, 35, and
55 vol% dioxane, Figure 3. These thick, amorphous layers might be a combination of
KTOF, and TBA* ions that accumulate around the self-assembled spheres during drying.
The layer beneath this thick, bright periphery in 30, 35, and 55 vol% dioxane compositions
is dark and thus corresponds to Keggin clusters, Figure 3. When the dioxane volume
fractions are 40, 45, and 50 vol%, the surface layer is a bright, thin layer made of OF rods.
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Note that the concentrations 35, 40, 45, and 50 vol% dioxane correspond to the spherical
packing of layers. Since in these cases the interfacial layer is comprised fully of either OFs
(for 40, 45, and 50 vol% dioxane) or Keggin clusters (35 vol% dioxane), we conclude that
the spherical packing can be facilitated by the surface tension anisotropy, which prefers
one component of the molecule to be at the interface. For flat layers, the preference is
apparently weaker.

20vol% ® & - = 30 vol%

45 vol%

£ -

50 vol% | : ; e 60 vol%

Figure 2. TEM textures of 0.2 mg/mL KTOF; in a dioxane and water mixture. The solution with
(a,b) 20, (c) 30, (d) 35, (e) 40, (f) 45, (g) 50, (h) 55, and (i) 60 vol% dioxane. The scale bar is 10 nm.
X vol% dioxane is a solution with a dioxane: water ratio of X:(100—X).
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Table 1. Summary of layer type and surface layer composition of inclusions in solutions with different

dioxane volume fractions. (X vol% dioxane; dioxane: water = X:(100—X)).

Dioxane vol% Concentric Layers Flat Layers Surface Composition
20 Not observed Frequently observed Keggin/OF
30 Not observed Frequently observed Keggin
35 Frequently observed Not observed Keggin
40 Frequently observed Not observed OF
45 Frequently observed Not observed OF
50 Frequently observed Observed (but rare) OF
55 Not observed Frequently observed Keggin/OF
60 Not observed Frequently observed Keggin/OF
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Figure 3. Self-assembled inclusions with thick, bright peripheral layer. TEM textures of 0.2 mg/mL
KTOF; in (a) 30 vol%, and (c) 35 vol% dioxane. (b,d) Transmitted electron intensity profile along the line
drawn in (a,c), respectively. X vol% dioxane is a solution with a dioxane: water ratio of X:(100—X).

A zoomed-in TEM texture of the 30 vol% dioxane sample is used to study the as-
sembled structure in detail. The bright-field TEM imaging condition used in this study
produces textures mainly governed by mass-thickness contrast. A higher atomic number
area generates more scattered electrons at a higher angle, resulting in a reduced amount of

191



Crystals 2025, 15,177

transmitted electron density compared to molecules containing atoms with lower atomic
numbers [49,50]. For a sample containing KTOF4 molecules, the dark stripes in the TEM tex-
tures (marked with white arrows in Figure 4a) correspond to Kegging clusters (molar mass
of Keggin ~ 2900 g/mol), while the narrow dark stripes (marked with yellow arrows in
Figure 3a) correspond to the OF (molar mass of four OF ~ 660 g/mol). The bright areas
represent the flexible chains and the background, Figure 4a.
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Figure 4. (a) Zoomed-in TEM texture of 0.2 mg/mL KTOFy in 30 vol% dioxane. White arrows
marking the dark stripes correspond to Kegging clusters, while yellow arrows marking the narrow
dark stripes correspond to the OFs. (b,d,e) The transmitted electron intensity profile along the lines
AB, CD, and EF, respectively, (c) fast Fourier transform pattern obtained from the texture in (a),
(f) a zoomed-in section (marked in dashed yellow in (a)) of a structure. The scale bar is 5 nm, and
(g) proposed molecular packing within the layers.

The TEM textures and the transmitted electron intensity profile along the layer normal
(AB line in Figure 4a) exhibit periodicity between 4.5-4.9 nm, Figure 4b. The fast Fourier
transform (FFT) pattern obtained from the texture in Figure 4a is shown in Figure 4c. The
FFT pattern shows peaks at 4.8 nm, and 2.4 nm along the layer normal. The periodic
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peak at 4.8 nm corresponds to the repeated layer distance observed in TEM textures and
the transmitted electron intensity profile. The peak at 2.4 nm is the second-order peak,
indicating a well-defined modulation.

The transmitted electron intensity profiles along a dark layer (CD line in Figure 4a) and
a bright layer (EF line in Figure 4a) do not show any well-defined periodic intensity peaks,
Figure 4d,e. The absence of a periodic peak along the layer in the FFT pattern confirms the
absence of periodicity within the layers. Thus, the KTOF, self-assembled structures exhibit
isotropic in-plane ordering, which is similar to periodic layers of an SmA. If there is a long-
range ordering within the layers, as observed in cholesteric and SmC phases [33,35,36],
one would expect the formation of disclination lines connecting the center of the concentric
spherical structure to the surface of the spherical inclusion. However, the absence of radial
disclination lines in the concentric spherical packing of KTOFy, Figure 2d—g, supports the
conclusion that the lamellar layers correspond to the SmA type of ordering. A proposed
molecular packing within the periodic layers in Figure 4f is schematized in Figure 4g.

Periodically modulated LC phases such as SmA exhibit defects of the layered structure
such as edge and screw dislocations [51-55]. The dislocations are characterized by Burgers
vector, b = ndv where n is an integer, d is the repeat layer distance, and v is the unit
vector normal to the layers. According to de Gennes [56] and Kleman and Williams [57],
the energy per unit length of an edge dislocation is W, = K;b?/2Ar, + w,, where K is
the splay elastic constant, b = nd, A = (Ky/ B)l/ ? is the penetration length of material,
B is the compressibility modulus, and w, and 7. are the energy and the radius of the core,
respectively. Since the energy varies as the square of the Burgers vector, the dislocations of
a small Burgers vector (1 = 1) are common [58]. Allain and Kleman [59] and Kleman [60]
showed the core extension of edge dislocation along the Burgers vector is of the order of
¢, = d2/\. Inour case, ¢ is of the order of d, and the dislocation core has a similar extension
along the Burgers vector and along the direction perpendicular to it; such a core is often
called an isotropic core [60]. The isotropic cores of edge dislocations indicate that for the
KTOF4 A ~ d. Figure 5a illustrates the TEM textures of self-assembled KTOF, inclusions
with edge dislocations indicated by dashed yellow lines. The edge dislocations with small
Burgers vectors, b = d, are the most frequently observed dislocations in KTOF; structures.
The additional layer of the edge dislocations is always the dark layer in the TEM textures,
which corresponds to the hydrophilic part of the KTOF; molecule (the Keggin cluster); the
covalently connected OF rods make a U-turn around this extra layer of Keggin clusters.
The core thus can be represented as a pair of disclinations in the OF sublayers, of a strength
+1/2 around the Keggin clusters and of a strength —1/2 in the neighboring region.

In a screw dislocation, the layers are arranged as a spiral staircase [61]. The Burgers
vector, b, is parallel to the dislocation line. Kleman [58] calculated the energy of screw
dislocations is W, = Bb*/128 (rc —2_ R*Z) + w., where R is the external radius of the
sample. The b* term in energy ensures the stability of screw dislocations with small Burgers
vectors. Figure 5b illustrates self-assembled KTOF, inclusions, with screw dislocations
indicated by dashed yellow lines. The layers on the two sides of a dislocation line are shifted
with respect to each other, by d/2, which implies b = d. Both edge and screw dislocations
are observed in the flat layer structure (formed in 20, 30, and 50-60 vol% dioxane) while
dislocations are rarely observed in the concentric spherical layer structure (formed in
35-50 vol% of dioxane).
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Figure 5. Dislocations in self-assembled KTOEF, structures. TEM textures showing (a) edge dis-
locations, and (b) screw dislocations within the self-assembled layers of 0.2 mg/mL KTOF,. The
dioxane content is indicated in the top-right corner of the respective texture. The scale bar is 20 nm
for all textures in (a,b). X vol% dioxane refers to a solution with a dioxane: water ratio of X:(100—X).
Proposed molecular packing within the layers at the defect site of (c) an edge dislocation, and (d) a
screw dislocation.

The explored KTOF, 2.0 mg/mL dispersion in 50 vol% dioxane shows an intriguing
mesomorphic behavior when the solvent is slowly evaporated. Evaporation produces a
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birefringent fluid residual with birefringence colors and POM textures with extinction
brushes resembling those of uniaxial nematic liquid crystals, Figure 6a. The nematic-like
LCxror4 material aligns perfectly on a rubbed PI2555 layer on a glass substrate, Figure 6b.
An apparent reason for the alignment is the orientation of rod-like OF parts along the
grooves of the polyimide substrate. The LCxtops material shows a biphasic region similar
to that of other nematics. Namely, upon cooling, the nematic nuclei appear at 34.5 °C, while
at 33.0 °C, one observes a homogeneous nematic bulk structure, Figure 6¢. The birefringence
of LCxtoF4 is measured using a wedge cell method as explained in ref. [47,48], and the

measured birefringence of the material is high, 0.2.

Figure 6. Polarizing optical microscopy (POM) study of LCxtops. LCkTOF4 is obtained by allowing
2.0 mg/mL KTOF, with 50 vol% dioxane to slowly evaporate. POM image of a drop of LCxtoFrs
(a) on a glass plate, and (b) on the PI2555 coated, rubbed glass plate. The sample is rotated to have
different alignments of the rubbing direction, R, with respect to P and A. (¢) LCktoFs progression
of phase transition from Isotropic to Nematic while cooling. P and A indicate the polarizer and the
analyzer directions and stay the same for all the images. The scale bar is 100 pm.

4. Discussion

The study demonstrates that KTOF4 molecules in mixed dioxane-water solutions
self-assemble into spherical inclusions with periodic inner structures. FFT and transmitted
electron intensity profiles reveal a well-defined periodicity along the layer normal, Figure 4.
The measured period of 4.8 nm in FFT represents the bilayer spacing, Figure 4. The spherical
inclusions reveal two types of packings: spherical concentric arrangements of layers and flat
layers. The observed textures of spherical concentric packings show no radial disclinations,
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which signals that there is no long-range orientational order within the layers. In other

words, KTOF, forms SmA-type layered structures in mixed dioxane-water solutions.
The inner structure of LC droplets suspended in an isotropic fluid is controlled by

a balance of bulk elasticity, isotropic and anisotropic 1nterfac1a1 lnteractlons [62-65]. To

describe the structure, we mtroduce an apolar unit vector n = —n which is normal to

the layers, and a unit vector U, which is normal to the spherical surface of the condensed
inclusions. The interfacial surface energy can be written as Fj,;; = 47109R? for a spherical
inclusion of radius R, where 0y is the interfacial tension [63]. The bulk energy of the sphere
can be written as the elastic energy of the spherically bent layers, F,;, = 87KR, where K is

the splay elastic constant for the deformations of IAl [62,63]. For the tangential alignment

of layers at the interface, i.e., when IAI I IA), surface anchoring energy at the boundary
of the inclusion is, F,,;, = %nWRZ, where W is the surface anchoring coefficient [62].
The balance between the F;,;; and F,j, determines the shape of the anisotropic droplet in
isotropic surroundings. Typical values for liquid crystalline cyanobiphenyls in glycerin
are g ~ (1073 —-1072) Jm 2, W ~ (107° = 107°) Jm 2 and K = 107" N [66]. At the
nematic-isotropic interface of 5CB, 0y =~ 2 x 105 m2and W~ 5x 1077 Jm 2 [67]. Asa
result, any macroscopic LC droplet larger than K/0p ~ (1 — 10) nm should be spherical. In
our study, we observe that the self-assembled inclusions of KTOF, in 20-60 vol% dioxane
are spherical with radii of 25-90 nm, Figure 2. This observation suggests that in the explored
system, 2K/¢y < 25 nm. If one assumes K = 1011 N, then o9 > 8 X 104 ]nf2
Anisotropic surface interaction plays a critical role in determining the layer structure
inside the LC droplets. For an LC droplet with R < 6K/W, spatial variations of the

director n are avoided, and ﬁ(r) = constant is maintained at the expense of violating
boundary conditions. Conversely, droplets with R > 6K /W satisfy boundary conditions
by aligning molecules along the easy axis [62,63]. For KTOF, inclusions, both flat and
spherical layer packings are observed in spheres of 25-90 nm. The type of layer does not
depend on the size of the inclusion, which signals that the type of packing is affected by the
subtle balance of bulk elasticity and surface anchoring. Stiff layers would prefer to form flat
packings, while soft, flexible layers would form concentric spheres. This feature can explain
the observation for solutions with low and medium dioxane content, as discussed below.

The spherical packings in the medium dioxane content can be explained simply by
the different affinities of the polar Keggin clusters and nonpolar OF rods to the solvent. If
the solvent prefers to interface with one but not the other, the resulting packing will be
spherical. If the concentration of dioxane decreases and the polarity of the solvent increases,
then the hydrophobic attractions between OF rods enhance. To minimize the area of contact
with a polar solvent, the rods would tend to be parallel to each other, Figure 6. The layers
would become stiffer and thus less prone to follow the curvature of the confining volume.
This is in line with the observation of flat layers at low dioxane concentrations.

The observation of flat layers at the high content of dioxane is less clear. Tentatively,
the non-polar solvent allows the OF rods to form strongly curved U-turn regions around
the layers of Keggin clusters, Figure 7a, as in the cores of edge dislocations, Figure 5c. These
U-turns are not very costly energetically since the hydrophobic rods are not aligned to be
strictly parallel to each other to minimize the contact with the solvent. These U-tern regions
might form at the interface of the layers with the non-polar solvent, thus shielding the polar
Keggin clusters from contact with it. Of course, this scenario is likely to be complicated by
the electrostatic forces that likely change with the solvent polarity; a more detailed analysis
requires further experiments.
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Figure 7. Proposed KTOF, molecular packing within the flat layers with (a) Keggin, and (b) OF as
surface layer composition.

Finally, we observe an unexpected phenomenon of formation of a nematic-like struc-
ture in KTOF, dispersions when the solvent is slowly evaporated. The residual material is
fluid, highly birefringent, and exhibits typical nematic textures, Figure 6a. Unfortunately,
attempts to prepare a similar nematic phase by producing highly concentrated KTOF,
dispersions did not produce a nematic phase; apparently, the process of self-organization is
complex and requires unusual steps such as slow evaporation of the solvent. The solvent-
free KTOF, material, a solid in powder form, undergoes a transition to an unspecified
weekly birefringent phase at 200 °C upon heating. Upon cooling, the material crystallizes
at 160 °C. Further studies are needed to explore the strongly concentrated solutions and
solvent-free samples of KTOF,.

5. Conclusions

In this work, we study the self-assembled structures of KTOF4 amphiphilic molecules
in dioxane and water-mixed solutions. 0.2 mg/mL KTOF,; molecules form self-assembled
layered structures of a smectic A type with sublayers of the Keggin and OF of the molecules
that segregate away from each other. The self-assembled spherical inclusions show ei-
ther concentric packing of the layers, when the concentration of dioxane is in the range
35-50 vol% or flat layers when the dioxane concentration is higher or lower. The electron
microscopy textures demonstrate elementary dislocations of the edge and screw type.
The organization of molecules within the layers shows no long-range orientational or-
der as we do not observe radial disclinations in the spherical packings. In other words,
the self-assembled lyotropic phases are of the SmA type. Furthermore, increasing the
KTOF, concentration through slow evaporation leads to the formation of a birefringent
bulk phase of the nematic type. This study provides an insight into a rich morphogenesis
of self-assembly of KTOF; amphiphilic molecules of nontrivial shape in mixed dioxane—
water solutions.
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