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Abstract: We introduce and shortly summarize a variety of more recent aspects of lyotropic liquid
crystals (LLCs), which have drawn the attention of the liquid crystal and soft matter community
and have recently led to an increasing number of groups studying this fascinating class of materials,
alongside their normal activities in thermotopic LCs. The diversity of topics ranges from amphiphilic
to inorganic liquid crystals, clays and biological liquid crystals, such as viruses, cellulose or DNA,
to strongly anisotropic materials such as nanotubes, nanowires or graphene oxide dispersed in
isotropic solvents. We conclude our admittedly somewhat subjective overview with materials
exhibiting some fascinating properties, such as chromonics, ferroelectric lyotropics and active liquid
crystals and living lyotropics, before we point out some possible and emerging applications of a class
of materials that has long been standing in the shadow of the well-known applications of thermotropic
liquid crystals, namely displays and electro-optic devices.
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1. Introduction

Lyotropic liquid crystals (LLCs) [1,2] are known from before the time of the discovery of
thermotropics by Reinitzer in 1888 [3], which is generally (and rightly) taken as the birth date of liquid
crystal research. In the work before this time, for example by Virchow [4], Mettenheimer [5], Planer [6],
Loebisch [7] or Rayman [8], the liquid crystalline properties were described, but without the explicit
realization that this constituted a novel state of matter. The latter was the significant contribution
made by Reinitzer [3] in 1888 and Lehmann [9], who coined the term “liquid crystal” in 1889 when
studying thermotropic phases. Nevertheless, lyotropic liquid crystal research has been present ever
since, albeit on a lower quantitative output than that of thermotropic systems, also because of their
less obvious potential in applications, being overshadowed by displays and electro-optic devices.
But, as thermotropic liquid crystal research surged in the 1970’s to the 2000’s, so did that of lyotropic
liquid crystals (Figure 1), due to the realization of their importance for biological systems and in
colloid science.

Over the last two decades, more and more LC researchers have widened the scope of their work
to also include lyotropic phases, and to explore systems of both thermotropic and lyotropic behavior.
This paper will try and summarize some of the fascinating recent developments, as lyotropics find their
way into an increasing number of liquid crystal laboratories. This will by no means be an exhaustive
treatment, but will hopefully provide an overview of the current new trends in lyotropic liquid crystals.
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Figure 1. Number of publications in the field of lyotropic liquid crystals (LLCs) shown as bars over a
time period of 5 years each.

2. Lyotropic Liquid Crystals

2.1. Classic Lyotropics from Amphiphiles and Polymers

Amphiphilic molecules have the striking property of presenting two antagonistic characteristics
within the same molecule, i.e., hydrophobicity and hydrophilicity. In contact with polar and/or nonpolar
liquids, under proper temperature and relative concentration conditions, they form lyotropic liquid
crystalline phases [1]. Nanoscale molecular segregation (self-assembly) gives rise to different molecular
aggregates, from micelles to bicontinuous structures. There are different types of amphiphilic molecules,
such as anionic, cationic, zwitterionic and non-ionic amphiphiles, detergents and anelydes [10].
Moreover, other more complex molecules belong to this category, the gemini surfactants [11],
the rigid spiro-tensides, phospholipids [12], the facial amphiphiles [13] and the bolaamphiphiles [14].
The lyotropic polymorphism encountered in mixtures with amphiphilic molecules is very rich. Figure 2
shows a sketch of a typical lyotropic liquid crystal phase diagram of a mixture composed by an
amphiphile and water. The Krafft line separates the crystalline phase region from the liquid region.
The critical micelle concentration line separates the single amphiphilic molecule region from the
molecular self-assembled region. By increasing the amphiphile relative concentration, the mixture
can present the micellar, hexagonal, lamellar and inverted phase structures. A well-known biological
example for lyotropic lamellar structures is the lipid bilayers of cell membranes, as shown in Figure 3a.
Other examples are Myelin figures.
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Figure 2. Sketch of a phase diagram of a mixture of an amphiphile and water. In the horizontal
axis, the amphiphile concentration is represented. Cubic phases may occur at different areas in the
phase diagram.
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Figure 3. (a) Schematic representation of the lyotropic liquid crystalline structure of a cell membrane
(reproduced from Wikimedia Commons from OpenStax Anatomy and Physiology). (b) Chemical
structure of Kevlar®.

Despite the fact that these liquid crystalline phases were extensively studied for many decades,
interesting questions still remain to be answered nowadays. Two of these mesophases deserve to be
particularly highlighted, the biaxial nematic, Np [15,16], and the chiral [17,18] mesophases.

Controversies have appeared in the literature over the years about the existence of the N phase
and its chemical stability. Theoretical [16,19] and experimental [16,20,21] papers were published about
the stability of the Ny phase. In this special issue, an extensive discussion about the experimental
conditions to stabilize the N phase is presented.
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Chiral lyotropics is, still, a challenge to be fully understood by physicists and chemists.
An intriguing question is how the information about chirality passes from one element of the structure
(micelle or lamellae) to the next, since there are water molecules between them. Recently, evidences of
an equivalent to the thermotropic (chiral smectic C), SmC*, in lyotropics were reported [18]. These
findings further broaden the boundaries of the physical chemistry of lyotropic liquid crystals.

Another class of lyotropic liquid crystals involve polymers in an isotropic, liquid solvent.
One classic example found in nature is spider silk, which consists of protein fibers formed from a
micellar solution when pushed through a valve at the spiders back under loss of water. This forms
oriented crystalline regions of beta-sheets cross-linked via amorphous regions. Another industrially
produced high modulus fiber is Kevlar® (Figure 3b), which is produced from the lyotropic liquid
crystalline state of the aramide polymer in highly concentrated sulfuric acid. It is used in a wide range
of applications, from bullet proof vests to climbing gear.

2.2. Inorganic Liquid Crystals

The most classic example of an inorganic or mineral liquid crystal is vanadium pentoxide, V,0Os.
Its needle-like nanocrystals form a nematic lyotropic liquid crystal, which was first investigated by
Diesselhorst and Freundlich [22,23] in the beginning of the 20th century. They reported the occurrence
of birefringence of anisotropic crystallites of vanadium pentoxide when subjected to flow or to an
electric field. It was concluded that both mechanisms had the same origin, application of a force to
orient the elongated, needle-like crystallites that then exhibited a macroscopic birefringence. After the
removal of the force, the system relaxed to yield an isotropic appearance. It has often been reported
that a newly prepared V,Os sol is initially isotropic, while it takes time to observe the development of
nematic tactoids [24], as seen in Figure 4.

Figure 4. Formation of nematic tactoids in a preparation of vanadium pentoxide, V,O5 (reproduced with
permission from Reference [24]), and corresponding needle crystallite orientation within some tactoids.

The phase formation largely depends on the preparation conditions and history of V,Os. This is
related to the aging of freshly prepared sol and depends on concentration, temperature and possible
electrolyte addition. The formation of the nematic phase is enhanced for large V,0O5 concentrations
and higher temperatures. The length of the colloidal vanadium pentoxide particle increases at a
constant width of approximately 10 nm from the nanometer range to a few micrometers. This is
accompanied by a sol-gel transition [25]. Electric field application in the nematic phase indicates
that the system has a negative dielectric anisotropy, Ae < 0. This implies that in contrast to standard
calamitic nematics with positive anisotropy, the director would switch from homeotropic to planar
under electric field application. The phase sequence as a function of increasing concentration of V,05
is isotropic-biphasic-uniaxial nematic for the fluid suspensions. For further concentration increase,
a gel transition is observed and the uniaxial nematic gel is transformed into a biaxial nematic gel [26].

Similarly, aluminum oxyhydroxide, AIOOH, forms nematic tactoids, which on merging exhibit a
typical nematic Schlieren-texture [27]. My;MogXg, with the metal from the alkalimetal group M = Lj,
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Na, K and X = Se, Te, from the chalcogens group, also represents a general group of inorganic
LCs with nematic phases. Crystallites exhibit lengths of approximately several micrometers, and
Schlieren-textures, as well as sometimes thread-like textures [28], can be observed when these are
dispersed in an isotropic solvent, for example methylformamide. The formation of smectic phases
has also been observed. This was shown for FeOOH and for tungstic acid HyWO4 (WO3; e H,O) by
the observation of steps in the textures of droplets, indicating smectic layering [29]. A more detailed
overview about the structures of anisotropic crystallites, their preparation and the conditions employed
to form liquid crystalline phases was published in a review by Sonin [30]. It appears that besides phase
diagrams, textures and structures, there has been little work on such systems with respect to modern
experimental techniques or applications by self-assembly for nanotechnology. Maybe it can be fruitful
to revisit these systems from the different perspectives available today.

2.3. Clays

These natural soil materials of micro- and nano-meter dimensions present high shape anisotropy
and contain hydrous aluminum phyllosilicates. Typically, the particles are plate-like, with the plate
thickness in the nanoscale. In 1995, Mourchid and co-workers [31] reported an interesting study of
aqueous suspensions of clay particles. However, they did not clearly identify a liquid crystalline
phase. In 2009, Paineau and co-workers [32] published a paper about a highly diluted (5% volume
fraction) aqueous suspension of disk-shaped natural beidellite clay (a phyllosilicate), where a first-order
isotropic to nematic phase transition was identified. The optical birefringence of these suspensions
(~107%) is smaller than that from usual micellar lyotropics. The nematic phase may be aligned by
electric and magnetic fields and also by shear. The stabilization of a lyotropic structure is assured in an
aqueous medium by the existence of electrical charges on the surface of the particles and the hydration
of the particles.

More types of clays in aqueous suspensions showed liquid crystalline behavior: bentonite,
an aluminum phyllosilicate clay consisting mostly of montmorillonite [33] (Figure 5a), laponite,
a synthetic layered magnesium silicate [34] (Figure 5b), and imogolite, an aluminum silicate [35,36].
The imogolite particle has a hollowed cylindrical shape with diameter of about 2 nm and length of the
order of hundreds of nm. An interesting, and until now not fully understood behavior of imogolite
suspensions, is the presence of a regular streaked texture, observed in the polarizing optical microscope,
that resembles textures from cholesteric ordering. The imogolite particles do not have any chiral
component and the chiral arrangement (if demonstrated by other experiments) should be due to a
particular packing of the cylinders [36]. This type of texture may also originate by a nematic ordering in
gels [37]. Aqueous suspensions of nontronite clay also showed a nematic to isotropic phase transition
at low (below 1073 M/L) ionic strengths [38].

From the theoretical point of view, Onsager’s approach [39] qualitatively explains the tendency of
the plate-like clay particles to align in an aqueous suspension. However, the liquid crystalline behavior
is not observed in concentrated suspensions, where phase segregation occurs. Polydispersity is also an
issue that must be addressed when a suspension of clay particles in a solvent with liquid crystalline
behavior is aimed at. Usually, a size separation procedure is needed before the preparation.
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Figure 5. Nematic texture of different clays, (a) bentonite and (b) laponite (reproduced with permission
from Reference [34]). Nematic textures for these materials are generally much less pronounced and
typical than those for calamitic thermotropic liquid crystals. White bars correspond to 0.2 mm in (a)
and 100 um in (b).

2.4. Tobacco Mosaic Virus (TMV) and Other Viruses

The tobacco mosaic virus can be seen as the prototype of a rigid rod system. It is very straight,
with a constant length of 18 nm and an often close to monodisperse length distribution round 300 nm.
The aspect ratio is thus about 15, and the system is ideally suited to test the Onsager theory [40],
see Figure 6. The TMV is a right-handed single-stranded RNA virus which infests the leaves of tobacco,
but also other plants, which is clearly visible through a pronounced and characteristic discoloration.
Discovered toward the end of the 19th century by Mayer [41], it was first thought to be bacterial,
but was later independently shown by Iwanowski [42] and Beijerinck [43] to be of different origin,
for which the latter coined the term “virus”. It was not until the 1930s that electron microscopic
evidence was produced [44], and in 1936, Bawden et al. [45] had already reported the lyotropic liquid
crystalline behavior of the tobacco mosaic virus.

Figure 6. Electron microscopy image of tobacco mosaic viruses (TMV), showing an aspect ratio of
approximately 15. The scale bar indicates 0.2 um (reproduced from Wikimedia Commons, with no
author name supplied).
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From the magnetic field aligned nematic phase, Oldenbourg et al. [46] produced small-angle
diffraction patterns which allowed the determination of the order parameter S. The X-ray scattering
for samples of increasing TMV concentration showed transitions from the isotropic phase at low
concentrations, passing through a typical isotropic/nematic two-phase region to a pure nematic phase
at high concentrations. The order parameter S within the nematic phase changed from about S = 0.7 at
the transition to close to perfect order of the long axis of the TMV S =1 at rather high concentrations.
This is indeed in accordance with predictions by the Onsager model. A very detailed study of the liquid
crystalline behavior and physical properties of the TMV lyotropic nematic phase was carried out by
Fraden et al. [47]. They measured the sample birefringence not only as a function of concentration and
temperature, but also for varying ionic strength and different polydispersity. From these investigations,
it was concluded that the stability of the nematic phase of tobacco mosaic virus suspensions is
predominantly determined by electrostatic repulsion. Attractive van derWaals forces between the TMV
rods supposedly play a much less important role. This provides an indication that the transition from
isotropic to nematic is practically based on excluded volume effects. This in turn explains why the
predictions of Onsager theory work very well for the TMV liquid crystal, because the theory is based
on repulsive steric interactions, ignoring attractive forces between the colloidal particles. Graf and
Lowen [48] later predicted the detailed phase diagram of the tobacco mosaic virus from theory and the
use of computer simulations. They also described a further transition into smectic phases and colloidal
crystals. Different virus suspensions, for example rod-like or semiflexible filamentous bacteriophage
fd, have been reported to also exhibit chiral nematic or cholesteric order [49], as well as smectic
layering [50], respectively. An overview can be found in the reviews of References [51,52].

We shall see below that novel trends in TMV lyotropic phase research have applicational potential
in the production of silica nanostructures through templating. Another more fundamental aspect can
be the experimental study of the phase behavior of mixtures, for example of rods and spheres [53],
but also other systems like rods and plates, and even rod-rod systems with very different aspect ratios.
This would be especially of interest in combination with computer simulations. Other novel aspects
may be found in biological and chemical sensing or directed drug delivery.

2.5. Lyotropic Phases from DNA

The DNA macromolecule is a charged anionic polyelectrolyte formed by a right-handed double
helix. Small fragments of DNA have a cylindrical shape of about 2 nm of diameter and variable
lengths (typically ~50 nm). These fragments can be dispersed in water and present lyotropic liquid
crystalline phases [54]. Increasing the DNA concentration in aqueous solutions (depending on the
ionic strength and DNA persistence length), the phase sequence experimentally observed is: isotropic,
blue phase, cholesteric, columnar hexagonal and crystalline (Figure 7). Disclinations and dislocations
were observed in textures of aqueous DNA solutions, identifying the cholesteric phase [55]. Besides the
texture inspection, measurements of the circular dichroism were performed to identify this mesophase.

More difficult to be identified is the blue phase, since it exists in a narrow range of temperature and
DNA concentration, being optically isotropic. The electron microscopy of freeze-fracture replicas was
used to identify the macromolecular arrangement in a double-twist ordering within small cylindrical
domains. The optically anisotropic columnar phase was identified by different experimental techniques,
mainly X-ray diffraction. The transition from the cholesteric to the columnar phase was shown to
be of first-order or continuous. The same DNA solution may show both types of phase transition
and, until now, the conditions defining one or the other type of transition are not known. Solutions
with long DNA fragments (~70% w/v—comparable to that of in vivo systems) showed a cholesteric
phase, with concentration-dependent pitch, and another two-dimensional (2D) phase that resembles
the smectic thermotropic phase [56].
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Figure 7. Transition region of the cholesteric (left) and the high-density region phases (right) in
solutions of rod-like DNA molecules (reproduced with permission from Molecular Expressions at
the Florida State University Research Foundation. The image can be found at the website https:
//micro.magnet.fsu.edu/dna/pages/transition3.html). White bar corresponds to about 300 um.

Not only long DNA fragments were shown to present liquid crystalline phases. Short fragments
(about 8 base pairs) in aqueous solutions with RNA presented columnar and cholesteric phases [57].
The local structure is stabilized due to base stacking forces that promote the end-to-end aggregation of
duplexes. An interesting behavior was observed in drying droplets of DNA (persistence length of
~50 nm, 48 k pb) aqueous solutions, where “coffee rings” are formed [58]. The DNA macromolecules
accumulate in the droplet edge, forming a lyotropic liquid crystal with concentric-chain orientations.

The atomic arrangement and charge distribution present in DNA fragments open many possibilities
of liquid crystalline structures with these building blocks. Salamonczyk and co-workers [59] reported an
interesting result about the presence of the smectic-A phase in an aqueous suspension of double-stranded
DNA fragments. To achieve this, they increased the DNA flexibility by introducing a spacer in the
middle of each duplex. Storm and co-workers discussed the formation of a columnar liquid crystalline
structure of self-assembled DNA bottlebrushes [60]. The building block of this structure is made of
DNA as the backbone molecule and C4Kj; protein polymers as the side chains.

Recently, Brach and co-workers reported a study where important differences in the DNA spatial
structure were observed between free DNA and DNA organized in a lyotropic liquid crystalline
arrangement [61]. The relations between the liquid crystalline structure and the functionality of living
processes involving DNA still challenges researchers and opens a fascinating field of investigation.
This last aspect inspires researchers to explore the relations between the liquid crystalline structure
and the functionality of living processes involving DNA.

2.6. Lyotropic Cholesteric Cellulose Derivatives and Cellulose Nanocrystals

Cellulose is composed of 3-D-glucopyranose units covalently linked with (1-4) glycosidic bonds.
Cellulose nanocrystals (CNCs) are obtained from natural cellulose fibers. They are hydrophilic but can
be surface functionalized to change their properties in the presence of different solvents [62]. CNCs are
stiff, lath-like nanoparticles, with a typical diameter as small as ~6 nm, depending on the preparation
method [63], and a length of about 100 nm.

Aqueous suspensions of cellulose nanocrystal particles, chemically prepared to avoid electrostatic
stabilization and favoring the steric interaction [64], gave rise to a cholesteric mesophase (see Figure 6),
with the typical fingerprint texture [65]. The cholesteric liquid crystalline phase occurs at a volume
concentration of nanoparticles of about 10% [66]. One interesting application of the CNCs solution
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showing the cholesteric phase is that the mixture can be dried, maintaining the chiral structure, to make
films that acquire photonic band gap properties [67].

Cholesteric properties of suspensions of cellulose nanocrystals can be modified by decorating
the nanoparticles with polymers [68]. The surface chemistry of the nanoparticles and interacting
forces modifies the phase diagrams and the pitch of the suspensions. Long-pitch chiral mesophases
were obtained with a decrease in the surface charge of the particles, decreasing the particle-particle
interaction [69]. This mesophase is highly viscous and is located in the vicinity of a biphasic region.

Cellulose-based lyotropic mixtures may also stabilize mesophases [70]. Solutions of cellulose
tricarbanilate in methyl acrylate and methyl methacrylate were shown to stabilize nematic and
cholesteric mesophases at specific relative component concentrations and temperatures [71,72].
Lyotropic mesophases were also obtained in cellulose derivatives (with hydroxypropylcellulose
(Figure 8a—d) and ethyl-cellulose) in inorganic solvents [73]. Cellulose acetate phthalate/hydroxypropyl
cellulose blends in N,N-dimethylacetamide showed lyotropic polyphormism under proper temperature
and relative concentration conditions [74].

(d)

Figure 8. Lyotropic textures from (Hydroxypropyl) cellulose (HPC)/water in a polarized microscope:
(a) ~45% HPC, planar and focal conic textures, (b) 55% HPC, focal conic texture, (c) 55% HPC,
oily streak texture, (d) ~65% HPC, planar and focal conic textures (reproduced with permission from
Reference [65]).

2.7. Nanotubes, Nanorods and Nanowires

Most of the systems relating to liquid crystalline behavior and nanotubes, nanorods or nanowires
are composites, where the nanomaterial is dispersed in a thermotropic liquid crystal. This is often the
nematic phase [75-78], occasionally also a smectic phase, often already with an additional functionality
available, such as ferroelectric liquid crystals [79]. Such nanomaterials have been dispersed in lyotropic
liquid crystals to a much lesser extent [80-83], often in the hexagonal phase for compatibility reasons.
Thermotropic liquid crystals are used with carbon nanotubes to directionally orient the nanotubes or
nanorods to exploit their extraordinary properties in a predetermined way as an addition to properties
provided by the liquid crystal itself. On the other hand, lyotropic liquid crystals may be used as
templates for materials in nanotechnology, often washing the liquid crystal out after the templating
process. For example, nanowires and nanorods have been produced by synthesis in the lyotropic
liquid crystalline state of TiO, [84] and ZnO [85].

In addition to the dispersions of nanotubes, nanorods or nanowires in thermotropic or lyotropic
liquid crystal phases, these materials can in fact also form lyotropic liquid crystals by themselves
through dispersion in an isotropic solvent. The behavior is often very similar to that observed
for needle-like inorganic liquid crystals, or also the tobacco mosaic virus, and largely follows the
description by Onsager’s theory. At low concentrations of nanomaterials, an isotropic dispersion
is observed, that changes to a biphasic region for increasing concentration, eventually forming a
nematic lyotropic phase. For nanotubes, this was first theoretically predicted by Somoza et al. [86].
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Experimental evidence followed soon for functionalized multi-wall carbon nanotubes (MWNT) in
water [87,88], showing a nematic phase above 4 vol% MWNTs. Instead of covalent functionalization,
systems of nanotube-adsorbed DNA were also used, providing the electrostatic repulsion favorable for
LC formation [89,90]. Electrostatic repulsion for better dispersion was also used by Davis et al. [91]
and Rai et al. [92] when choosing strong acids as isotropic solvents, which led to a protonation of the
tube walls, instead of nanotube functionalization or decoration.

ZnO is a wide bandgap semi-conductor, which in nanowire form can exhibit liquid crystalline
behavior as a lyotropic nematic [93,94]. Similarly, TiO, nanowires can assemble into liquid crystal
phases [95]. Semiconductor rods of cadmium selenide, CdSe, can be produced with excellent
monodispersity and a ratio of length to width of generally 40 to 6 nm, respectively. These are thus
ideal candidates to exhibit not only nematic (Figure 9), but also smectic/lamellar ordering of lyotropic
liquid crystals, as demonstrated in References [96,97]. The general potential of using nanomaterials
in liquid crystals, either to tune the LC properties, to add functionality or to transfer liquid crystal
order onto nanomaterials during synthesis or self-assembly in nanotechnology, is enormous. It can be
expected that a whole new range of fundamental insights as well as technical applications are still to
come in the future.

Figure 9. Nematic liquid crystal droplets forming on evaporation of the solvent from a cadmium
selenide (CdSe) nano-rod solution (reproduced with permission from Reference [96]).

2.8. Graphene Oxide and Other 2D Materials

Similar to the rod-like and disc-like shapes of calamitic and discotic thermotropic liquid crystals,
the analogue to lyotropic nanotubes would be graphene. Graphene itself has been shown to exhibit a
nematic liquid crystal phase only in the protonated environment of strong chlorosulphonic acid [98].
A material more similar to the COOH-functionalized nanotubes is graphene oxide (GO), which readily
shows liquid crystalline behavior over large concentration ranges [99,100] in a multitude of isotropic
solvents, including water. In Figure 10, a well-aligned sample is shown, which exhibits optical
properties like a standard calamitic nematic liquid crystal, but with the director in the direction of
the sheet normal. The general phase behavior is as discussed for other lyotopic systems: an isotropic
phase is followed by a two-phase region, ending in a fully developed nematic phase for increasing
graphene oxide concentration. The details of the phase diagram are, on the other hand, dependent on
the average size of the GO flakes [101,102], their polydispersity, the polarity of the solvent [101,103] and
confinement conditions [101]. It has been shown that graphene oxide liquid crystals respond to applied
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electric fields [104,105] and that an electro-optic response can be achieved, which is based on a large
Kerr effect [106,107], i.e., an induced birefringence proportional to the square of the applied electric
field. The Kerr response times are at present longer than those of the well-discussed thermotropic
Blue Phases, due to the higher viscosity of GO-LCs. So far, graphene oxide liquid crystals are by far
the best studied of the lyotropic liquid crystals made from 2D materials, and their properties have
been summarized in a number of review articles [108-110], although it should be mentioned that here,
there are also still many open questions. One of these, which has, for example, been addressed via
texture and dielectric studies, is the observation of mixtures of thermotropic nematics with GO [111].
There is some evidence [111,112] that on heating such a dispersion into the isotropic phase of the
thermotropic LC, this acts as an isotropic solvent to facilitate the formation of a lyotropic GO liquid
crystal phase. This is a very interesting topic, as it implies a thermotropic nematic to lyotropic nematic
phase transition, which is not accompanied by any transition enthalpy. This should also be attractive
for theoretical interpretation.

Figure 10. A lyotropic nematic graphene oxide phase can be oriented by a narrow, untreated glass
channel. The quality of orientation is demonstrated by rotation of the sample between crossed polarizers.
The director is indicated by n (reproduced with permission from Reference [37]).

Lastly, it should also be mentioned that other 2D materials can exhibit liquid crystalline phases
in isotropic solvents. One of these is reduced graphene oxide (rGO) [113,114], which regains a
certain amount of the conductive behavior observed for graphene, which is absent from graphene
oxide. Reports have also been published for molybdenum disulphide, MnO; [115] and Mxenes [116].
A number of other possible candidates have yet to be investigated further [117]. The topic of
graphene oxide liquid crystals, their properties, and dispersions with other lyotropic liquid crystal
classes, will certainly be an exciting one over the next years to come. Also, with respect to possible
applications, for example as fibers [118,119], in tuneable photonics [120], nanofiltration [121] or
reflective displays [122].

2.9. Chromonics

Chromonics are rigid aromatic molecules, with hydrophilic ionic and hydrogen-bond groups
located in the peripheries of the molecule [123,124]. ni-stacking interactions between these flat molecules
favor packing. In the presence of a polar solvent (e.g., water), they stack face to face in columns of
different aggregation numbers. The (anisometric) columns consist of the building blocks of lyotropic
liquid crystals (Figure 11a—). Dyes, drugs and even nucleic acids are examples of this type of
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molecule [125]. Different mesophases were identified in mixtures with this type of molecule: uniaxial
nematic [126], hexagonal [127] and lamellar-type structure (proposed for the diethyl ammonium
flufenate) [128]. The aggregation of chromonic molecules is isodesmic, where the energy between
molecules in a stack is independent of the number of molecules [129]. The addition of salts (e.g., NaCl)
to the lyotropic nematic phase of cromolyn aqueous solutions shifted the nematic to isotropic phase
boundaries upwards [130].

Decreasing Energy (Increasing Concentration/Lowering Temperature)

{a) Isotropic Phase (b) Nematic Phase {c) Columnar Phase

Figure 11. Typical structures of chromonic liquid crystal mesophase (reproduced with permission from
https://core.ac.uk/download/pdf/54848113.pdf). (a) Isotropic, (b) nematic and (c) columnar phase.

From the theoretical point of view, besides the classical Onsager’s approach, a model considering
a competition of charge-like, long-range repulsion and anisotropic short-range attraction among
molecules was recently proposed [131]. The nematic and hexagonal phases were obtained in the
framework of this model, even at a small volume fraction of molecules, and correlations between the
elastic response and stack growth were obtained. The elasticity of chromonic nematics was theoretically
investigated (Monte Carlo simulations and Onsager-like model), inspecting the behavior of the Frank
elastic constants, K11, Ky, and K33, as a function of temperature and molecules” volume fraction [132].
The dependence of the elastic constants with temperature and molecules’ volume fraction agree with
the experiments. The elastic characteristics of chromonics is evidenced in experiments where the
liquid crystal is confined in small droplets (typically from 1 to 100 pm) [133]. A very small twist elastic
modulus in the nematic phase seems to be responsible for the appearance of a chiral-twisted bipolar
configuration in confined conditions. Chromonic nematics are interesting systems to study topological
defect cores in disclinations of +1/2 and —1/2 strengths, that extend to micrometric dimensions [134].

Recently, molecules of the chromonic Sunset Yellow (SSY) were added to classical amphiphilic
lyotropic mixtures presenting the biaxial nematic phase [135]. It was shown that SSY exhibits
a chaotropic character. Moreover, SSY causes an increase of the micellar shape anisotropy and,
consequently, an increase of the biaxial nematic phase domain, with respect to the phase domain of the
undoped mixture.

2.10. Polar Lyotropic Lamellar Phases

It took about half a century from the discovery of the first ferroelectric crystal, Rochelle salt [136],
for the first fluid material, the chiral smectic C* phase, to be discovered [137]. It is already remarkable
in itself that a fluid material can exhibit a spontaneous polarization, although, due to the SmC* helix,
in its bulk state, it may rather be called helielectric, as true ferroelectricity requires this polarization to
be switchable between two stable states. This was demonstrated shortly afterwards with the surface
stabilized ferroelectric state [138] and has initiated one of the most active topics in liquid crystal
research in the last century. So far, this is all related to thermotropic materials. On the other hand,
it was long known that thermotropic and lyotropic phases do show a certain amount of analogy. Both
exhibit orientationally ordered nematic phases. The lamellar L phase is the lyotropic analogue of the
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thermotropic SmA phase. So, why was there no tilted lamellar phase, a lyotropic equivalent of the
rather common SmC phase? This was observed for the first time by Schaheutle and Finkelmann [139]
and was demonstrated clearly by X-ray diffraction. A second report followed quite a number of years
later [140]. These appear to have been the only confirmed cases of a tilted fluid lamellar phase. It was
not until 2013 when a chiral amphiphilic molecule was shown to exhibit a lyotropic analogue of the
ferroelectric SmC* phase [18] when added to an isotropic solvent, water or formamide, over a certain
range of concentrations.

The fluid tilted lamellar phase was verified via X-ray diffraction and typical textures could be
observed, such as a smectic Schlieren-texture (Figure 12a), broken fan-shaped textures (Figure 12b),
and in the surface stabilized geometry, a domain texture, which could mutually be brought to extinction
when rotated by twice the tilt angle between crossed polarizers (Figure 12c,d). Chirality could be
demonstrated by a typical striped texture due to the helical superstructure, just as observed for the
thermotropic SmC* phase. The pitch increased strongly when approaching the orthogonal phase
(the SmA* analogue) on heating at a fixed concentration, which is also generally observed for the
thermotropic case. But, the most striking evidence can be found in the ferroelectric electro-optic
switching of the surface stabilized state. However, a direct measurement of the spontaneous polarization
is not possible due to the overall ionic conductivity of the samples. Lastly, it should be mentioned
that the electroclinic effect could also be verified for the orthogonal chiral L,* phase [141], which
very much resembles that of the SmA* phase of thermotropics. Other amphiphilic molecules with a
similar behavior have been synthesized since [142], and a detailed account of this topic can be found in
the review of Reference [143]. The aspect of a conceptual transfer relating to physical properties and
structures between thermotropic and lyotropic liquid crystals is certainly a very novel approach and
opens up a whole field of future research in lyotropic liquid crystals.

Figure 12. Different textures of the lyotropic SmC* phase. (a) SmC* Schlieren-texture, (b) broken
fan-shaped chevron texture with typical zig-zag lines, and (c) and (d) surface stabilized SmC* domain
texture, rotated by twice the tilt angle respectively, leading to mutually dark and bright domains
(reproduced with permission from Reference [18]).

2.11. Active and Living Lyotropic Nematics

An emerging topic in liquid crystal research and especially lyotropic liquid crystals is active
matter or living liquid crystals. Active matter [144,145] in general are systems that are composed of a



Crystals 2020, 10, 604 14 of 24

large number of constituents, each consuming or transforming energy for the reason of propulsion.
These are thus intrinsic non-equilibrium systems. There is a wide variety of such systems found in
soft and biological matter, for example a school of fish, bacteria or microtubules. They all have one
property in common, they are self-organizing and exhibit collective, self-propelled motion. Liquid
crystal-based active matter has recently attracted much increasing interest [146], due to fascinating
phenomena observed that are absent in passive liquid crystals [147].

Active liquid crystal systems that are often studied include bacterial suspensions [148,149],
microtubule-motor protein systems [150,151] and actin-motor protein systems [152-154].

A quite different system has been proposed, called “living liquid crystals” [155-158]. These are of
particular interest to lyotropic liquid crystals, as they represent swimming, live bacteria in a lyotropic
nematic phase (Figure 13). The latter have been shown to be supporting bacteria life [159], which is not
the case for thermotropic nematic liquid crystals. Lavrentovich and co-workers [155] demonstrated
experimentally that bacteria can sense director field deformations. They showed that for pure splay
and pure bend deformations, the motion of the bacteria was equally probable in either direction
of the director field. For regions with splay-bend deformations, like in the vicinity of topological
defects, the motion was directed towards the positive s = 1/2 defect and avoiding the negative s = —1/2
one. By the use of predetermined director patterns, they directed the motion of bacteria and exerted
a directing influence on the otherwise chaotic bacterial motion. Active and living liquid crystals
exhibit a plethora of fascinating phenomena, spatio-temporal patterns and prospects for biological and
biomedical applications. It is thus very likely that this field of lyotropic liquid crystal research will
thrive in the future, not only in experiment but also in theory, simulations and applications.

Figure 13. Texture of a living liquid crystal with disclination pairs. The bacteria are aligned along
the local nematic director, seen by the lines in the textures (reproduced with permission from
Reference [155]).

2.12. Applications

To the general public, liquid crystals are often primarily known through their electro-optic
applications in displays, light shutters, or optical light modulators. Lyotropics are generally quite
unheard of, despite of the fact that we use them on a daily basis. Obviously, a short paragraph on the
applications of lyotropic liquid crystals cannot be all encompassing. Besides the various applications
in the food and cosmetics industries, as well as detergents [160-164], we will here give an indicative
overview of some other, possibly more modern applications.

One of these topics is drug delivery, which is somewhat related to some aspects encountered in
the food and cosmetics industry in terms of the targeted and controlled release of an active ingredient.
For this, often lyotropic phases can be exploited to trigger the release, for example through a change
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of the pH [165], or even by light irradiation [166], where the release is started by molecular switches.
For further information, we refer to some relevant reviews [167,168] and citations therein.

Since the seminal work of Abbott and co-workers [169], liquid crystal sensors generally employ a
molecularly triggered texture transition of a thermotropic liquid crystal from a dark to bright state (or
vice versa) that indicates the absorption of a number of liquid, gas, or biological molecules within the
liquid crystal [170]. But, there have also been some reports of lyotropic LC being used for sensing,
for example chromonics for biological sensing applications [171], or lyotropic phases of DNA for
enzymes [172] and other for antigens [173] and pathogens [174]. In general, particularly the fields of
biologically relevant systems like biotechnology, biosensors, drug delivery and biomimetics [175] are
of highlighted interest for lyotropic liquid crystals.

Further, the lyotropic phases have found their way into the templated synthesis and self-assembly
for functional nanoparticles and nanotechnology. The use of nematic tobacco mosaic viruses has been
suggested for the design of silica mesostructures. Exploiting the TMV as a template in the synthesis of
inorganic frameworks with ordered porosity was demonstrated by Fowler et al. [176]. They described
a method where ordered viruses were first silicated and then thermally removed via biodegradation.
This produced silica structures with ordered nanochannels of 20 nm diameter. The method of using
a lyotropic structure for the synthesis of nanoparticles [177] and nanostructured materials [178] was
quickly picked up and used for a variety of different systems [179,180] (Figure 14a—c). For further
information, one may refer to a review article by Hegmann et al. [181] and references therein.

o
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Figure 14. Transmission electron microscopy images of silica rods synthesized by templating a lyotropic
phase. The scale bars are 2 um. Different aspect ratios, L/D can be obtained, for example (a) L/D ~ 5,
(b) L/D = 3, (¢) L/D = 8, by running the synthesis for different times. The anisotropy is ascribed to
the anisotropic supply of reactants, leading to rod-like growth (reproduced with permission from
Reference [182]).
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Lastly, one may want to mention some applications of dried cellulose nanocrystals, which firstly
transfer liquid crystalline order onto dispersed functional nanomaterials and are subsequently dried to
produce thin solid films. These can then be employed as chromonic films [183] due to the residual
selective reflection of the cholesteric structure, or as plasmonic films with dispersed gold [184,185] or
silver [186] nanorods or nanowires, respectively. From the discussed selected examples, it becomes
clear that lyotropic liquid crystals have significant potential for future applications, likely to be most
intensified in the areas of biotechnology and biomedicine.

3. Conclusions

We hope that we could provide the reader with a short, yet hopefully interesting overview of some
of the recent developments and novel trends in lyotropic liquid crystal research. There are certainly
still a lot of unanswered fundamental questions in this field, materials developments to be explored
and applications to be found, optimized and introduced to the market. This review of new trends
in the field has hopefully sparked the interest of readers to explore some of the topics discussed in
much more detail in the papers of this special issue, and maybe this issue will help in further bringing
together the two fundamental fields of liquid crystal research, thermotropic and lyotropic systems,
in the quest to develop an overarching general understanding of this fascinating aspect of soft matter.
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