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Abstract

Liquid crystal materials are a suitable environment for the synthesis of nanostructures of uniform size and shape due to their
order and yet mobility at the molecular level. Dense liquid crystal phases allow nanoparticles to self-assemble, resulting in
larger organized nanostructures. Although both types of lyotropic liquid crystal and thermotropic liquid crystal have been
used for the synthesis and self-assembly of nanoparticles, the use of lyotropic liquid crystal types is more in the synthesis
of nanoparticles, while the use of thermotropic liquid crystal phases is mainly related to the self-assembly of nanoparticles.

Keyword Liquid crystal - Nanostructures - Self-assemble - Lyotropic liquid crystal - Thermotropic liquid crystal -

Nanoparticles

1 Introduction

In the case of many materials (pure compounds or mix-
tures), liquid crystal phases also called mesophases occur
in a multi-step process [1-5]. Liquid crystal state occurs
when converting a regular crystalline state to a liquid state
(or vice versa) through the formation of one or more inter-
mediate phases [6-9]. Liquid crystals are anisotropic and
somewhat regular fluids that are thermodynamically located
between the crystalline solid state with a three-dimensional
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order and the isotropic liquid [10-15]. In fact, the anisot-
ropy of the physical properties of liquid crystals is due to
the directional order and anisotropy of the molecules that
make up these materials [16—19]. These materials flow in
the crystal phase like ordinary liquids, but show anisotropy
properties similar to solid crystals [20-24]. In fact, the ani-
sotropy of the physical properties of liquid crystals is due
to the directional direction and anisotropy of the molecules
that make up these materials. Liquid crystals are thermody-
namically stable phases known for their anisotropic proper-
ties and lack a three-dimensional crystal lattice [25-30]. In
this phase, each of the molecules is interested in being in
the direction of a specific method called the unit vector n,
which is called the guide vector [31-35]. With the passage
of time and the rapid and increasing growth of photonics,
many research fields have been created in various fields of
photonics [36-38]. An important part of this research has
included electro-optical studies of materials, which requires
the knowledge of new optical materials and the study of
their optical properties [39-41]. Among these, crystals are
a group of materials with stable thermodynamic phases that
simultaneously have the optical anisotropy properties of
crystals and the fluidity of liquids [42—45]. These materi-
als with relatively large organic molecules and anisotropic
geometric shape due to having a long-range directional order
show both linear optical properties and high refractive and
nonlinear properties [46—50]. This has led to the penetration
of applications of these materials in all areas of the photon-
ics and optoelectronics industry. Research on liquid crystals
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has intensified over the past two decades [51-53]. Most stud-
ies of low power laser interaction (which is inconceivable in
ordinary crystals due to their small nonlinearity) with optical
environments such as liquid crystals and the physical and
electro-optical properties of different types of liquid crystals
have been considered [54-58]. The optical nonlinearity of
nematic crystals is about 10® times larger than CS,, which
encompasses almost all conceivable linear and nonlinear
optical phenomena in all phases of liquid crystal, including
dual stability, self-focal, self-focal, self-phase modulation,
and the production of first coordinates, and second, the opti-
cal phase conjugate, the electro-optical effect of the chorus,
the wave front wave fusion with gain, self-oscillation, and
enables [59-62]. Since some of these properties are weak for
industrial, medical, and applications in pure liquid crystals,
the methods of mixing liquid crystals with nanoparticles
and polymers, known as the guest-host method, are used to
enhance their optical and electro-optical properties [63—68].
In this regard, the diffusion of suspended particles in crys-
tals as a method to improve the physical and electro-optical
properties of crystals due to their application potential in
various fields such as photonics and bio photonics has been
widely studied [69-72]. Figure 1 shows the phases and dif-
ferent shapes of the liquid crystal.

Individual pieces of cloth voluntarily associate them-
selves into a delineated and ordered structure or bigger
pieces with minimum external direction is termed as self-
assembly [73, 74]. Self-assembly is a well-known approach
for achieving exceptional properties in both organic and
inorganic nanostructures. The following is a list of the ben-
efits of self-assembly in fabrication [21-24, 75-79].

e Self-assembly might be a scalable, parallel process
involving a large number of components in a short
amount of time [80].

e From the nanoscale to the macroscale, structural dimen-
sions can vary with order of magnitude. When compared
to top-down assembly, which usually uses enormous
quantities of scarce resources, it is comparatively eco-
nomical [81].
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Fig. 1 Phases and different shapes of the liquid crystal [1]
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e The natural mechanisms that promote self-assembly are
usually quite repeatable. The repeatability of self-assem-
bly is deeply engrossed in the existence of life [82].

Researchers all around the world are interested in using
supramolecular self-assembly to create nanostructures and
nanomaterial with unique physical and chemical features
[83, 84]. The ability to create and build novel gadgets that
can interact with living cells and create responses has been
enabled with the organizing of molecules in these nano
assemblies [85-87]. These are being studied not only as
crucial components in the origin of cellular life, but also as
materials that may be employed in a wide range of applica-
tions, including biomaterials, bioelectronics, energy produc-
tion, catalysis, drug delivery, and nanocomposites [88-92].
For the manufacturing of nanostructures, two techniques are
often used: top-down and bottom-up (Fig. 2). The first entails
cutting out of a bigger block of matter the final nanostruc-
ture with a specific form and size. As a result, atomic-level
control is not required for the technique [93-97]. The latter
technique, on the other hand, entails constructing desired
nanostructures from basic components using molecular
recognition and self-assembly processes, which are essen-
tially generated from the interactions of fundamental units
to produce well-organized structures [98—101]. As a result,
the latter technique allows for atomic or molecular level con-
trol over the production of nanostructures with changing the
architectures of self-assembling molecular units.

2 Classification of Liquid Crystals

The transition between two phases for a system takes place
with changing one or more thermodynamic parameters
[102-105]. Liquid crystalline materials can undergo an
intermediate phase due to changes in temperature or con-
centration or changes in both. Accordingly, these materials
are classified into two categories, thermotropic liquid crys-
tal, and lyotropic liquid crystal [106—108]. In thermotro-
pic liquid crystal, the intermediate state is obtained due to
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temperature change and in lyotropic liquid crystal, the inter-
mediate state is obtained due to change in temperature and
concentration [109, 110]. The third group of liquid crystals
are polymeric liquid crystals, which are placed separately
in the other two categories and the order in the middle state
of these materials is related to their polymer structure [31,
32, 111-115].

2.1 Thermotropic Liquid Crystal

Thermotropic liquid crystals form the liquid crystal phase
only in a certain temperature range, the solid material melts
at a certain temperature and turns into a turbid liquid which
is a liquid crystal state, and then with further heating this
material it becomes a liquid state [116—118]. Anisotropic
is obtained, which is usually transparent. In some of these
materials, the intermediate phase is observed at a tempera-
ture higher than the melting temperature of the material,
and in both cooling and heating processes, the intermediate
phase is observed, which is called the anthropic phase [33,
34]. We also have an exception for compounds in that the
thermotropic phase of such compounds appears during the
cooling process, not in the heating process, which is called
the monotropic phase transition [119, 120]. The physical
properties of thermotropic liquid crystals such as refractive
index, dielectric constant, elastic constants, and viscosity are
all temperature-dependent [121, 122]. Georges Friedel clas-
sified thermotropic liquid crystals into three basic categories

in terms of fuzzy structure, which are nematic, cholestric,
and sematic liquid crystals [35]. In Fig. 3, the different
groups can be used to interact with ionic surfactants to form
thermotropic liquid crystal molecules with various shapes.
These molecules give rise to ordered structures in a certain
range of temperature-driven with non-covalent interactions.

2.2 Nematic Liquid Crystal

Nematic liquid crystal has the lowest order and highest
molecular symmetry compared to other types of liquid crys-
tals. The difference between a nematic liquid crystal and
ordinary liquids is the existence of a directional order with
respect to a molecular direction, which is the long molecular
axis characterized with the unit vector [123-125]. Due to
the directional order, the liquid crystal molecules are sym-
metrically uniaxial, and the axis of symmetry of this uniaxial
structure is the same as the preferred direction n. However,
in the nematic phase, molecules are randomly distributed
like normal liquids, and the molecules are allowed to rotate
around their long axis, so the nematic liquid crystals are
interested in optical and dielectric anisotropy [36, 37]. Fig-
ure 4 shows the schematic of different nematic liquid crystal.

2.3 Semiotic Liquid Crystal

In addition to the directional order, the semiotic phase also
has a short-range spatial order. The order and viscosity in
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Fig.3 The different groups can
be used to interact with ionic
surfactants to form thermotro-
pic liquid crystals molecules
with various shapes. These
molecules give rise to ordered
structures in a certain range of
temperature-driven with non-
covalent interactions [3]

/

] Yora g

P

Thermotropic Liquid Crystals

9o

14

(TLCs)

Changing temperature MW@l

v A_.\O-N"“,\/ % A

> b aaa (I

J.r"\.,f" > ; '
& Non-covalent interactions ~~"~®I1

g,

/ &£
Ionic Metal ‘ ‘ 5 \ Polyelectro-
; ' Nanoclusters ~ Biomolecules
surfactants ions 1 ; lytes
e Li* Na : \\ 2\
Mgz Cat e;g:f? N\
)ﬂ‘) Cox Zn* Q/(E\
QAN [La(NO;)6]* | ;
A/vvx [AZ(CN),] 3
Fig.4 Schematic of differ-
ent nematic liquid crystal, a
nematic liquid crystal phase, b z
semiotic liquid crystal A phase,
¢ semiotic liquid crystal C
phase, d cholesteric phase [4]
(a) (bh) (c)

this phase are higher than those in the nematic phase. From
the point of view of the fuzzy structure, molecules in the
semiotic phase have a layered structure, which is determined
with the way the molecules are placed in the layers and the
angle that the direction of the molecules of each layer is in
the direction perpendicular to the plane [126—129]. This lig-
uid crystal is divided into kind a, b, ¢ semantics. The somatic
of kind a is optically uniaxial and its molecular arrangement
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is such that the direction perpendicular to the planes of the
layers is in the same direction as the direction of the optical
axis, while in the somatic of kind c the long molecular axis
is perpendicular to the axis perpendicular to the plates and
also in somatic b, the molecules are placed on the layers in
a hexagonal arrangement [38, 39, 130-132]. Figure 5 shows
different kinds of Semiotic can be detected from their tissue
under a polarizing microscope.
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2.4 Cholestric Liquid Crystal

The first known liquid crystal was the cholestric liquid crystal.
This type of liquid crystal is more orderly than the previous two
types and is very similar to solids. In these materials, molecules
form a molecular structure that has a semantic directional order
in each layer [133-136]. Due to the spatial barrier of the mol-
ecules, the orientation of the molecules in the adjacent layers
is not the same and the guide vector rotates in each layer at
a certain angle to the adjacent layer, and a twisted structure
according to the following figure that can be centered. It is cre-
ated with the unit vector z shown [137-140]. The distance that
rotates 180° with moving along z and # is called a screw (p)
[39-41]. Figure 6 shows the structures of cholestric types.
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2.5 Lyotropic Liquid Crystal

Lyotropic liquid crystals are obtained with dissolving an appro-
priate amount of dual-friendly compounds in a solvent such as
water, soaps, and detergents. These dual compounds contain
molecules of a hydrophilic part that is highly water-absorbing
and a hydrophobic part that are insoluble in water, such as soaps,
detergents, and fats [140-142]. Most of the important changes
in the formation of the intermediate phase will depend on the
concentration of the solution. It is stretched together to form
structures called micelles, which form with increasing concen-
tration of lyotropic liquid crystal phase. The micelles first form
a cubic state, then the rod states form a hexagon, and finally a
layered state [42—44]. Figure 7 shows the phasing of a lyotropic
liquid crystal as a function of temperature and concentration.

Fig.7 Liquid crystal under different temperatures and concentrations

(7]

Fig. 8 The structures of differ-
ent types of polymeric liquid

crystal [45] Smectic A

A
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2.6 Polymeric Liquid Crystal

These types of liquid crystals are behaviorally similar to
thermotropic liquid crystals and are structurally similar to
single molecules of lyotropic liquid crystals. Polymers alone
have flexible structures that consist of repeats of basic units
or parts that are monomers. In these materials, parts of the
hard polymer and rods must be able to take a directional or
spatial order in a certain temperature range and express the
property of liquid crystal [143—145]. In a polymer or main
chain, the rigid structural parts resemble rod liquid crys-
tal molecules separated with flexible hydrocarbon chains,
whereas in lateral chain polymers, the hard structural parts
of the liquid crystal are attached to the long polymer chain
with very short flexible hydrocarbon chains [45, 46]. In
Fig. 8, the structures of different types of polymeric liquid
crystal can be seen.

3 Synthesis Using Liquid Crystals and Liquid
Crystal Molds

Because the properties of nanoscale materials depend on
their size and shape, nanoparticles of uniform size and shape
are required first of all to prepare functional nanomaterial.
Liquid crystals combine order and mobility at the molecular
level (nanoscale) and are therefore ideal options for con-
trolled synthesis of nanoparticles [47].

3.1 Lyotropic Liquid Crystals as Surfactants
and Phase Transfer Agents

A significant issue in nanoparticle synthesis is the prepa-

ration of air- and heat-stable particles with controlled size
and diffusion, in such a way that it is possible to mix and
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re-separate them in organic solvents without irreversible
aggregation and decomposition. Gold and silver nanorods
were synthesized with the seed-mediated growth method
[146—150]. In this method, spherical nanoparticles with a
diameter of about 3.5 nm (grains) are prepared during the
hydride reduction process of gold or silver salt in the pres-
ence of sodium citrate. These nanoparticles are then added
to a solution containing acetyl trimethylammonium bromide
(CTAB) and excess gold or silver salts. The resulting rod
particles are collected using a centrifuge. CTAB is an ion-
friendly dual compound that is able to form a type of lyo-
tropic liquid crystal phase [48, 49]. This particular synthetic
method prefers rod structure formation because CTAB acts
as a guiding agent with creating a bilayer structure on gold
nanorods [151-154]. The CTAB only allows them to grow
in one direction with attaching more tightly to the side edges
than the ends of the nanorods. Thus, CTAB plays an impor-
tant role in the formation of one-dimensional nanostructures
(Fig. 9). In addition to gold and silver nanorods, tellurium
nanotubes and selenium nanowires were also prepared with
growth method using lyotropic liquid crystal surfactant.

3.2 Direct Molding of Liquid Crystal

Given the structural diversity of lyotropic liquid crystals, it
is easy to see how these compounds are used as molds for
the synthesis of porous nanostructures. This method leads
to the production of materials with pore size, morphology,
and uniform three-dimensional distribution, and in addition
it is possible to control the properties and shape of the struc-
ture. Another advantage of lyotropic liquid crystal molding
is that the size of the pores can be increased with adding a
hydrophobic component and then expanding the inner part
of the micelle [155-158]. Hence, this technique represents
the concept of the term “direct liquid crystal molding” or
“nanocasting” and is currently widely used in the synthesis

Fig.9 TEM images of gold
nanorods synthesized from a
8-nm beads and b 16-nm beads
in which CTAB is located on
both samples [48]

of porous media with catalytic application or absorption [50,
51] (Fig. 10). Types of porous silicate and non-silicate nano-
material have been synthesized with molding with lyotropic
liquid crystal and using polymeric or oligomeric surfactant
systems. Non-silica porous structures include metal oxides,
CdS and CdSe composites, Pt/Ru alloy and Ni/Co alloy.

3.3 Reverse Molding

The lyotropic liquid crystal phase itself can be used to pro-
duce a regular arrangement of nanoparticles produced in the
hydrophobic sections of reverse micelles or the hydrophilic
sections of conventional micelles. In this case, the lyotropic
liquid crystal acts as a nanospore or nanoreactor, and there-
fore with controlling the phase type of the liquid crystal,
the size and shape of the nanoparticles that grow inside it
can be controlled. Another advantage of this method is that
the production of these nanoreactors is easily possible on a
large scale. Lyotropic liquid crystals, which form layered or
hexagonal columnar morphologies, are used to make metal
nanoparticles or conductive nanostructured polymers [52,
53]. A solution of the metal salt is mixed with a sufficient
amount of the liquid crystal host to form the desired lyo-
tropic liquid crystal phase. The nanoparticles are then pre-
cipitated, which first aggregate into clusters and then form a
single nanostructure. Because these nanostructures generally
take the form of nanoreactors, the column phases of rod and
cubic and layered phases usually form spherical and disk-
like nanostructures (Fig. 11). After dispersing the crystalline
phase of the lyotropic liquid, the resulting nanostructures are
collected with centrifugation or filtration. Figure 12 shows
BiOCl nanostructures prepared in different ways. While the
crystalline phase of the layered lyotropic liquid produces
nearly spherical particles with a diameter of 5 nm and the
hexagonal phase produces arrow-shaped rods with a length
of 250 nm and a width of 100 nm, in ordinary solution a
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Fig. 10 Nanocommanding, a crystalline phase of the main lyotropic liquid, b addition of continuous liquid phase, ¢ precipitation of the crystal-
line phase of the main lyotropic liquid and formation of a porous material [50]

Fig. 11 Synthesis of nanopar-
ticles using lyotropic liquid
crystals as nanoreactors [52]

Fig. 12 TEM images of BiOCI compound in a ordinary solution, b hexagonal liquid crystal, ¢ layered liquid crystal [53]

set of discs are created with a diameter of 50 to 250 nm. of bismuth, palladium, PbS, Fe;O,, and CoFe,0, as well as
A variety of nanostructures such as silver, copper, ZnS,  spherical iron nanoparticles encapsulated in a thin film of
CaSO,, and BaCOj; nanowires and spherical nanoparticles  gold are prepared with this method.
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3.4 Crystalline Phases of Thermotropic Liquid
in the Synthesis of Nanoparticles

Thermotropic liquid crystals, which, like lysotropic liquid
crystal mesophases, self-assemble without the need to add
solvent to regular structures, provide conditions that do not
exist in the leotropic phase [159-161]. These conditions
include inclined somatic smear (SmC) phases, somatic A
bipolar or polar phases, and non-hexagonal column phases
(such as Colr). As an example, a dense somatic phase has
been used to synthesize fluorinated acrylate polymer nano-
structures. This method involves mixing the monomer with
the host thermotropic liquid crystal followed with polym-
erization at the appropriate temperature. The results show
that the use of fluorinated nanoparticles leads to the forma-
tion of regular polymer structures, while this phenomenon
is not observed in non-fluorinated counterparts of these
compounds [54, 55]. This is due to the entrapment of nano-
particles within the liquid crystal phase during the polymeri-
zation process, which leads to the formation of regular poly-
mer nanostructures (Fig. 13). Although thermotropic liquid
crystal phases have significant efficiencies for organizing
nanostructures with aiding in the self-assembly process, few
studies have reported the synthesis of metal, semiconductor,

Fig. 13 a The monolayer struc-
ture and liquid crystal used to
prepare polymer nanostructures,
b show the resulting polymer
texture (X200) [55]

or magnetic nanoparticles in the dense phase of these com-
pounds. Therefore, more research is needed to develop meth-
ods for the application of dense thermotropic liquid crystal
phase for the synthesis of nanoparticles.

4 Arrangement and Organization Using
Liquid Crystals

Self-assembly of metal, magnetic, or semiconductor nano-
particles is a suitable technique for preparing larger organ-
ized structures because it is low cost and high efficiency and
allows very special properties to be achieved [162, 163].
Nanoparticle self-assembly, which is an important goal in
the field of nanotechnology advances, is essential for the
application of nanomaterials in state-of-the-art devices.
Most self-assembly methods result in enclosed arrangements
of nanoparticles that do not allow the structure of the mass
to be manipulated. The specific properties of nanoparticles
depend on whether they are composed of regular alternating
structures such as monolayer or multilayer films, or solutions
of regular or randomly distributed materials [56—58]. To pre-
pare alternating arrangements of nanoparticles, a variety of
self-assembly methods include placement on a solid support
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using molecular imprinting techniques, filming in the air-
water interfacial region (film). Langmuir-Blogget and the
preparation of polymer matrices filled with nanoparticles
has been used. The application of the concepts of supermo-
lecular chemistry and molecular detection of low molecular
weight liquid crystals in the organization of nanoparticles
provides methods for controlling the self-arrangement of
nanoscale systems into wider structures [164—167]. In recent
years, self-assembly has been successfully performed with
modifying nanoparticles with biological molecules such as
DNA and proteins. Other methods include host-guest com-
plexes, resorbable functional groups, metal complex forma-
tion, hydrogen bonding, and n-n interactions, the latter two
of which are the most important causes. Self-assembly in
many liquid crystal phases is lyotropic and thermotropic
[59, 60]

4.1 Liquid Crystal Phase Formation of Nanomaterial

Anisotropic colloidal nanocrystals such as nanorods and
nanodisks are not only synthesized using liquid crystal
phases but can also be the basis for a new class of mineral-
based liquid crystal materials that have unique and impor-
tant, such as high thermal stability, show a rigid regular
structure with weak interparticle interactions and low drift.
The order in liquid crystals has been observed in a variety
of rod nanoparticles. For example, the dense diffusion of
CdSe nanorods shows the order of both the nematic and the
semantic phases. The same is true for disk-like nanoparticles
[61-63]. Colloidal CuS nanodisks with a diameter of 14-20
nm and a thickness of about 5 nm form self-assembled
columnar structures (Fig. 14).

4.2 Nanopatrticles Adorned with Liquid Crystal

Mineral, semiconductor, and mineral-derived nanomaterials
are able to form liquid crystal phases without the need for
organic mesogens. It is clear that this phenomenon is limited
to nanomaterials that have a shape with unequal dimensions.
To obtain liquid crystal properties in spherical nanoparticles
that are symmetrical and have almost the same dimensions
in all directions, one method is to decorate small spheri-
cal nanoclusters with thermotropic or mesogenic molecules
[168—-171]. Especially in the case of gold spherical nanopar-
ticles, there are many examples that show the self-arrange-
ment of these particles using agents that cover the crystal of
thermotropic liquid and create a nematic or somatic phase
[65, 66]. In addition to spherical metal nanoclusters, the for-
mation of nematic phases has been reported with covering
needle-shaped TiO, particles and a-Fe,O5 and Fe;0,-coated
nanorods or nanosheets coated with SiO,. Figure 15 shows
nanoparticles scattered in liquid crystals are ordered [65].

@ Springer

4.3 One-Dimensional Nanomaterial Suspension
in Thermotropic Liquid Crystals

The organization and orientation of one-dimensional nano-
structures with unequal dimensions using thermotropic lig-
uid crystals, especially due to the possibility of order control
in these systems, which leads to new optical and electron
electronics applications, has been studied extensively
[172-175]. Thermotropic liquid crystals, especially those
with low molecular weight, have significant advantages over
conventional liquid media for organizing one-dimensional
nanomaterials. In addition to internal anisotropy properties
(such as dielectric anisotropy), thermotropic liquid crystals
have a directional order due to specific interactions with the
surface, which can be in the presence of external electric, or
magnetic fields with a relatively short response time should
be used (Fig. 16a). Figure 16 b shows the first example of
the use of thermotropic liquid crystals to produce organ-
ized arrangements of nanomaterials on the surface. In this
method, called liquid crystal imprinting, the nanoparticles
are dissolved in a non-chiral nematic liquid crystal under
the influence of a magnetic field [176—179]. In this way, the
crystalline phase of the nematic fluid aligner exerts its uni-
form orientation on the one-dimensional constituent nano-
composites and results in the production of organized thin
films [66-70], to be deposited on the support.

5 The Overall Structure of a Liquid Crystal
Molecule

Most liquid crystalline compounds are composed of one or
more aromatic rings A or “A” interconnected with an X bond-
ing group, as shown in Fig. 17. The aromatic rings shown can be
a fully saturated cyclohexane; an unsaturated phenyl, biphenyl,
or tri-phenyl; or a combination of the two. Compounds with
long rings usually have a high melting point. The end groups R
and “R” are usually small groups or often short chains. These
groups play an important role in the dielectric anisotropy of lig-
uid crystals [71]. The high value of dielectric anisotropy, in turn,
lowers the threshold voltage of some switching devices based
on liquid crystals. Selecting the right length of alkyl chains can
stabilize the nematic phase and reduce the melting temperature
of the material. The end groups often include alkyl, alkoxy,
cyano-CN-isothiocyanate, sulfide, and halides such as OCF3,
CL, F, and CF;. Among these, alkyl, alkoxy, and sulfide are
weak polar groups and their effect on dielectric anisotropy is
weak. NCS-, CN, F, and CL are strong polar groups, and materi-
als containing one of these groups have relatively large dielec-
tric anisotropy. X-bonding groups play an important role in the
phase transition temperature as well as in the physical properties
of liquid crystals [71-73]. The most popular X groups that bond
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Fig. 14 TEM images of CuS and Cu,S nanodisks. (A) CuS nanodisks
in monolayer mode, (b) linear chains of Cu,S nanodisks, (c) CuS
nanodisks having a crystalline T-shaped structure, (d) self-assembly
of nanodisks Cu,S oriented parallel to the substrate, (f) various self-

phenyl rings can be saturated groups, esters, unsaturated groups,
a double bond, or a triple bond. All the optical and physical
properties of liquid crystals are determined with the properties

arrangements of nanodisks (1) single layer, (2) hexagonal column
self-arrangement with perpendicular to the substrate, (3) self-arrange-
ment column with orientation parallel to the bed [61]

of the constituent groups and how they are synthesized. Dielec-
tric constants, elastic constants, viscosity, absorption spectra,
transition temperatures, the presence of different mesophases,
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Fig. 15 Nanoparticles scattered
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in liquid crystals are ordered.
We consider three scalar order
parameters in this study: an
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anisotropies, and nonlinear optical properties all depend on how
the molecules are bonded and put together.
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6 Applications of Liquid Crystals

One of the materials that will be extensively researched
in the future is the filled nematics phase, which results
from the suspension of fine particles (not necessarily
nanoscale particles) such as titanium dioxide particles in
the nematic liquid crystal matrix. Severe light scattering
in these nematic phases accumulates in field-off conditions



BioNanoScience (2023) 13:819-839 831
Fig. 17 Molecular structure of a =] X A’ R’
liquid crystal [71]
Side Aromatic Aromatic Terminal
Chain Ring Ring Group

*A side chain R, two or more aromatic rings A and
A, connected by linkage groups X and Y, and at
the other end connected to a terminal group R’.

due to the large number of orientation defects caused with
scattered particles [179-183]. With applying field-on, the
accumulated nematic phase sandwich film becomes trans-
parent due to the orientation of the nematic liquid crys-
tal molecules with the external electric field [75-78]. A
special feature of the accumulated nematic phases is the
retention of light transmittance and transparency after the
field is turned off, which is called the memory effect. The
electron performance of these accumulated nematic phases
strongly depends on the physical and chemical properties
of the liquid crystal and filler particles, the concentration,
and the properties of the applied electric field. Figure 18
shows a timeline of liquid crystal phase uses from their
inception to the current day.

First prototype
l.CD

Liquid crystal discovery

LCD evolution
- . - \ ot

<holrunk)
ermometer

Lasing purposes  First twisted
(“guest-host™
effect)

nematic LCO

LCD evolution
(larger scale applications)

6.1 Application of Nanocrystals in Environmental
Processes

Cellulose and nanocrystals are one of the most popular items
in recent years due to their biodegradability and low cost.
In this research, cotton liner was used with acid hydroly-
sis method and ionic liquid application to prepare cellulose
nanocrystals, and optimal conditions were provided for the
formation of fine crystals [79, 80]. The effect of the method
used on the particle size and crystals of cellulose nanocrys-
tals was investigated with Fourier transform infrared spec-
troscopy (FTIR), X-ray diffraction (XRD), and scanning
electron microscopy (SEM). The results indicate that the
use of a combination of urea, sodium, and thiourea as ionic

20 LC reconfigurable
metastructures and metadevices

LC: opto-electronic
material -

gg ML’"
.

Graphene First 20 LC <
Discovery reported

Fig. 18 A timeline of liquid crystal phase uses from their inception to the current day [75]
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liquid caused the formation of fine crystals, which with
examining the XRD spectra, the crystal size was about 1-10
nm and the crystallinity was 61-3%. Figures 19, 20, 21,
and 22 show SEM, XRD, FTIR, and Raman spectra images
which also show the fiber size in the nanometer range, which
is approximately in the range of 30-20 nm.

6.2 Application of Nanocrystals
in the Pharmaceutical Industry

Many drugs today are discarded in the early stages of research
due to their low solubility in micronutrient and non-micro-
nutrient solvents. A good way to solve this problem is to use
nanocrystals that can be used in industry and laboratories [80].
There are methods for producing these structures such as using
high-pressure homogenizer or using abrasion as well as sedi-
mentation method. So far, these structures have been able to
find a good place in the market and pharmaceutical research

Fig. 19 SEM morphologies: a
nanocrystals of (001)-oriented
Ag,Se (orientation confirmed
with X-ray diffraction analysis)
after 1 h of solvothermal growth
with methanol as the solvent; b
oriented attachment toward the
formation of a dendrite’s trunk
after 3 h of solvothermal growth
with methanol as the solvent;

¢ close-up of a full dendrite
formed after 12 h of solvother-
mal growth with d close-up

of a full dendrite formed after
12 h of solvothermal growth
with dodecagon as the solvent;
e large-field view of dendrites
formed under part c for the case
of a relatively high nucleation
density; and f large-field view
of dendrites formed under part
d for the case of a relatively low
nucleation density [80]
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Fig.20 Experimental X-ray diffraction analysis patterns of as-synthe-
sized CoO nanocrystals for sample A and sample B. The bulk X-ray
diffraction analysis pattern of cubic CoO is shown at bottom [81]
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Fig.21 The Fourier transform infrared spectroscopy spectrum of
silicon nanocrystals. Inset: the whole Fourier transform infrared spec-
troscopy spectrum without a break [82]
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Fig.22 Raman spectra of silicon nanocrystals (solid line) and bulk
silicon (dash line) [82]

and introduce successful examples of formulations worldwide.
Ease of construction and less side effects are the main features
of these nanostructures, the main reason for which is the lack
of complex formulations to insert the drug into the nanostruc-
ture and maintain the stability of the product. Drug nanocrystals
are one of the most important formulations for soluble drugs
that have been introduced so far. These formulations are sim-
ple and do not require the addition of other compounds (which
themselves can cause side effects) for optimization. Given that
the number of low-soluble drugs introduced is increasing, it is
believed that nanocrystals may be able to have a good place
among pharmaceutical formulations for the introduction of these
drugs in the future [81]. Over the past decades, many designs

have been made for pharmaceutical structures with the help of
chemistry and computers, although about 60% of these struc-
tures are sparingly soluble in water. Formulation of these struc-
tures is one of the main problems of pharmaceutical researchers
because these compounds, due to the speed of dissolution and
slow dispersion, will have little bioavailability and absorption.
For oral absorption, drugs must be able to create an appropriate
concentration gradient between the gastrointestinal tract and the
bloodstream. However, in the case of low-soluble drugs, this
slope is low and the absorption is reduced. In non-oral ways, too,
if the drug is sparingly soluble, it will not dissolve well at the
injection site and, as a result, the proper level of the drug cannot
be produced in the blood. To solve these problems, solutions
such as using solvents, creating salt, or adding cyclodextrins
(basket-like structures with a hole in the middle where com-
pounds can enter this hole) or carriers such as liposomes and
solids dispersion have been proposed. Unfortunately, it is not
possible to use these solutions for all drugs; for example, some
drugs are difficult to convert to ions to make salts or are not suit-
able for entering the structure of cyclodextrins. Also, additives
used in formulations are not always helpful. For example, the
injectable taxol solution currently available on the market con-
tains high amounts of Cremophor EL, which has been used to
improve the bioavailability of paclitaxol but causes side effects
such as allergic shock. In the 1990s, pharmaceutical nanocrys-
tals attracted the attention of pharmaceutical researchers. Drug
nanocrystals are colloidal dispersions less than micrometers in
size that contain approximately 100% of the active drug sub-
stance and are stabilized with the help of small amounts of sta-
bilizers such as polymers or surfactants. The dispersing medium
of these structures can be water, liquid, or non-liquid solutions
(such as liquid polyethylene glycol or oils). Depending on the
manufacturing technology, the solid particles created can be
amorphous or crystalline, which is why these particles are also
called nanocrystals in the amorphous structure [82].

7 Advantages of Nanocrystals
e Increase dissolution rate

As the particle size decreases, the contact surface
between the particle and the environment increases, result-
ing in a faster dissolution rate (which is related to the con-
tact surface area) [81].

¢ The possibility of creating amorphous structures
and its benefits

Amorphous structures have a higher rate of dissolution,
so if these structures are created during production, the
time required for dissolution will be shortened and the
effect of the drug will increase.
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o Improve biological characteristics

Nanoparticles perform better than larger particles in
terms of adsorption and efficiency.

¢ Smaller nanocrystals

In the first generation, most of the particles created are
less than 200 nm in size, but in the second generation this
range is smaller and reaches below 100 nm.

¢ Increase physical stability

With methods such as abrasion and homogenization in
the second generation of nanocrystals, the particle size
is actually reduced in two ways, which helps to reduce
the particle size range. The more similar the size of the
particles, the less likely they are to accumulate and clump,
which is one of the advantages of the second generation
over the first generation [82].

8 Calculation

The reproducible synthesis of nanoscale materials has
attracted much attention due to their important role in the pro-
duction of high-tech tools. The production of nanostructured
porous materials is important because of their use in fuel
cells, energy emission control, and catalytic applications such
as hydrogenation reactions. Lyotropic liquid crystals have
been used as a mold for the synthesis of porous nanostruc-
tures with pores of uniform size and shape. These compounds
have also been used for the synthesis of spherical nanoparti-
cles and nanorods, as well as nanoreactors in the synthesis of
nanomaterial of uniform size and shape. The dense phase of
thermotropic liquid crystals also provides a suitable environ-
ment for the preparation of regular polymer nanostructures
and the self-arrangement of spherical nanoparticles. Design
of functionalized liquid crystal nanocomposites is one of the
main fields of future research in the field of nanotechnology.
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