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Nanoparticles in thermotropic
and lyotropic liquid crystals

Chung-Hao Chen and Ingo Dierking*

Department of Physics and Astronomy, The University of Manchester, Manchester, United Kingdom

Over the last few decades many applications of liquid crystals have been
developed, including the widely employed technology of low-power, flat-
panel liquid crystal displays (LCDs), but also sensors, photonic devices and
other non-display applications employed in medicine and drug delivery. In
recent years, the research trends have shifted in other directions.
Nanotechnology and nanoscience have garnered significant attention in liquid
crystal research since various nanomaterials or nanoparticles (NPs) can be added
directly to the liquid crystalline mesogenic phases. The main idea is to modify the
physical properties of liquid crystals or to increase their functionality through the
addition of nanomaterials, but also to exploit the self-assembly and spontaneous
ordering of LCs into structures or patterns that can be templated by dispersed
particles. The neat liquid crystals and the doped nanoparticles/nanomaterials
exhibit different behaviours when mixed together. The nanoparticles can
influence the alignment and orientation of liquid crystals, and their interaction
with the liquid crystals causes the changes in the optical, electrical, and
mechanical characteristics of the composite. At the same time the liquid
crystal can affect the ordering, structuring and properties of the
nanomaterials, for example by transfer of helical order. In this review, we
discuss the effects of nanoparticles dispersed in liquid crystals. Several
categories of nanomaterials such as metallic, carbon allotropes, nanorod and
nanowires will be introduced, together with particles of additional functionality,
like ferroelectricity, semiconductors and quantum dots. The combination of
liquid crystals and nanoparticles leads to a wide range of applications and
novel technologies.

liquid crystal, thermotropic, lyotropic, nanoparticle, hybrid material

1 Introduction

Liquid crystals (LCs) are a stable thermodynamic state of matter between the solid and
the liquid phase, also known as mesophases. This mesophase materials exhibit flow
behaviour like a liquid as well as the anisotropic physical properties, as they are often
observed in crystals (Collings and Hird, 2017; Engels and von Rybinski, 1998). In general,
liquid crystals are considered to be viscous, elastic, anisotropic liquids, thermodynamically
distinct from the solid and the isotropic liquid. These materials have a molecular
arrangement, in the simplest case exhibiting orientational order of rod-like or disc-like
molecules, on average along a common direction called the director n (Ohzono and Fukuda,
2012). This orientational director can easily be manipulated by applied external forces such
as electric or magnetic fields, but also mechanical fields or even optical fields, in order to
change the optical and electrical properties (Lee et al., 1998; Chuang et al., 1991).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frsfm.2024.1518796/full
https://www.frontiersin.org/articles/10.3389/frsfm.2024.1518796/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frsfm.2024.1518796&domain=pdf&date_stamp=2025-01-07
mailto:ingo.dierking@manchester.ac.uk
mailto:ingo.dierking@manchester.ac.uk
https://doi.org/10.3389/frsfm.2024.1518796
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://doi.org/10.3389/frsfm.2024.1518796

Chen and Dierking

Typically, there are two general categories of liquid crystal:
thermotropic (Kumar and Brock, 2001; Oswald and Pieranski,
2005) and lyotropic (Neto and Salinas, 2005; Petrov, 1999) liquid
crystals. Thermotropic LCs exhibit liquid crystalline behaviour
when varying temperature. The molecules forming the LC phases
have anisotropic shapes, such as rod-like or disk-like. Thermotropic
liquid crystal molecules often exhibit a series of different phase
transitions with increasing temperature (Olmsted and Goldbart,
1992). As the temperature is increased, a thermotropic liquid crystal
usually transforms from a solid crystalline phase to smectic phases
(SmC, SmA), with one- (or higher) dimensional positional order in
addition to the orientational order along the director. Further
heating then often results in the formation of the nematic phase,
which solely exhibits orientational order, and finally the
isotropic liquid.

On the other hand, lyotropic liquid crystals (LLC) are molecules
or anisotropic nanoparticles dispersed in an appropriate isotropic
solvent to form a liquid crystalline state when a specific
concentration is reached. LLC are often composed by self-
assembly of amphiphilic or chromonic molecules, or anisotropic
particles, which can be inorganic, minerals, clays, nanorods,
nanowires or sheets, but also of biological nature, such as
tobacco mosaic viruses (TMV) or cellulose nanocrystals (CNC),
dispersed in a solvent, often water. The formation of lyotropic LCs is
more complicated than thermotropic LCs since the liquid crystalline
state is sensitive to change not only of temperature but also of each
component’s concentration (Lagerwall and Scalia, 2012). With
increasing the concentration, lyotropic amphiphilic LCs usually
exhibit various phases. First, the molecules may assemble into
spherical or rod-like micelles, then further aggregate to a
hexagonal phase (sometimes also cubic phases are observed) and
finally a lamellar phase (Dierking and Martins Figueiredo, 2020)
before the inverted phases are observed.

Since the 1960s, LCs have attracted intensive attention due to
their unique optical properties, especially in the display industry.
The application of Liquid Crystal Displays (LCDs) has
significantly changed human’s lifestyle. Despite the fact that
today these displays have matured technologically, liquid
crystals still exhibit a tremendous potential in other research
fields, for instance sensors, energy conversion, novel optics,
telecommunication, composite materials, biomedicine and
biotechnology (Lagerwall and Scalia, 2012; Stannarius, 2009;
Jakli, 2010; Dellinger and Braun, 2004; Kim Y. H. et al, 2011;
Sivakumar et al., 2009; Kularatne et al.,, 2017; Kumar, 2006;
Woltman et al., 2007). In addition, much effort has been
invested into nanotechnology and nanoscience on the basis of
liquid crystals and their self-organisation. The field of
nanotechnology continues to play a major role in both
academia and industry due to its ability to create, explore and
exploit materials with unique structural characteristics. These
materials have a dimension constrained to the colloidal range
from nanometres to several hundreds of nanometres. This
nanoscale and the related high surface area leads to unique
properties that are significantly different from atoms or
molecules, as well as bulk materials. Combining the fields of
liquid crystals with nanomaterials opens the doors to a wide
range of applications and developments for example in
switchable photonics, tuneable metamaterials and the like.
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Liquid crystals consist of anisotropic molecules that align in a
preferred direction. The orientational direction of the director can
be controlled and manipulated by external forces, which can be
electric, magnetic, or mechanical in nature. The inherent anisotropic
orientation of liquid crystals provides an opportunity through
synthesis in LC media, self-organisation, or both in combination,
to construct well-defined nanoscale structures. When the nanoscale
materials are dispersed into liquid crystals, a wealth of interactions
between the host and the particles may be observed (Hegmann et al.,
2007; Saliba et al., 2013) such as van der Waals interactions, polar
interactions, hydrogen bonding or excluded volume interactions.
The resulting composite or dispersion exhibits distinct properties
that differ from those of the individual components.

In general, there are several prime groups of nanomaterials that
have been used as dopants in LCs, (1) metal nanoparticles, (2)
carbon allotropes, (3) inorganic nanorods and nanowires, which can
also be semiconducting and ferroelectric, and (4) biomaterials. The
choice of dispersion material depends on the desired structure-
property relation to be modified and the desired functionalities of
the nanomaterial-LC composite (Lapanik et al., 2012; Pal et al., 2015;
Dierking, 2019; Singh et al., 2014). In this review, we divided the
applications and effects of nanomaterial-liquid crystals composites
roughly into these different categories for further discussion. Let us
now delve into this exciting field of research and explore some of
its findings.

2 Motivation

In general, there are three motivations for doping nanomaterials
in liquid crystals: (1) use of the particles to enhance the relevant
physical properties of the liquid crystalline phases, such as dielectric
anisotropy, electric conductivity, birefringence, viscosity and their
related electro-optic parameters, for example threshold voltage
(Vi) required switching fields, or response times. (2) to improve
the orientational order and display parameters of liquid crystalline
materials. Here, substrate coatings by nanomaterials can be used to
improve LC alignment, produce different device geometries or
simply improve the LC order parameter and its physical
parameters related to the latter. These aspects are also closely
related to the use of liquid crystals in sensors. (3) to enhance the
stability of individual phases, tailor the phase transition temperature
in phase change processes, or influence the phase sequence. Novel,
often frustrated phases can be induced through the dispersion of
nanomaterials; already existing phases can be extended and
stabilised, for example Blue Phases and other frustrated phases.

When nanomaterials are introduced into a liquid crystal system,
the new materials are expected to show different behaviour from the
individual components (pristine liquid crystals and nanomaterials)
(Goodby, 2011; Poulin et al., 1997; Lehmann et al., 2001; Dierking,
2018; Yu et al, 2016; Garbovskiy and Glushchenko, 2010). The
incorporation of nanomaterials into liquid crystals leads to changes
in their properties. The nanomaterials influence the parameters that
give rise to thermal, electro-optical, and dielectric properties
(Garbovskiy and Glushchenko, 2010; Shiraishi et al, 2002;
Miyama et al, 2004; Manohar et al, 2009; Li et al, 2013;
Manepalli et al,, 2018). The interaction in the LC-nanomaterial
composite alters their alignment and phase behaviour. The presence

frontiersin.org


https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2024.1518796

Chen and Dierking

of nanomaterials may enhance the phase stability and widen the
temperature range of liquid crystalline phases, which has especially
been demonstrated for the blue phases (Bukowczan et al., 2021)
which are of interest for novel displays based on the Kerr effect and
without the need for alignment layers. The stability of the composite
LC phase depends on the factors such as their type, size and shape of
the nanomaterial and their anisotropic effects. One example of a
complex structure is the Blue phases (BPs), which represents a self-
assemble cubic defect structure featuring a local double-twist
structure. BPs exhibit unique optical properties such as
macroscopic optical isotropy or 3D photonic band gaps and
attracted interest in optical devices for example optical fibre
sensors (Moreira et al., 2004; Cao et al, 2002). A critical
parameter that limits the exploitation of Blue phases is the
extremely narrow temperature range in which they occur (Coles
and Pivnenko, 2005). By doping a Blue phase liquid crystal mixture
with spherical gold nanoparticles, the temperature range could be
increased from 0.5 to 5 K. The nanoparticles assemble within lattice
disclinations, thereby stabilising the Blue phase structure by
lowering the free energy of the system (Yoshida et al., 2009).
Another
functionalised semiconducting nanoparticles into liquid crystals

example involves the introduction of surface-

mixtures. Increasing the concentration of nanoparticles
significantly widens the Blue phase temperature range, resulting
in a robust and stabilised Blue phase structure. This phenomena is
greatly enhanced when the nanoparticles are strongly attracted to
disclination lines (Karatairi et al, 2010). Only at very high
concentrations, when all the defects are filled with nanoparticles,
is the system destabilised again and the phase regime of the Blue
Phase decreases again.

The dispersion of 0-D nanoparticles, 1-D nanorods or
nanotubes and 2-D nanoplates can enhance the self-assembly
and order of liquid crystals and promote alignment of
nanomaterials themselves. In this way, by the transfer of self-
organised order, the liquid crystal can assemble and manipulate
particles (Musevic et al., 2006). Moreover, liquid crystals can serve as
templates during the synthesis of materials (Wang et al., 2020; Bisoyi
and Kumar, 2011; Grzelczak et al, 2010). Self-assembly is the
other

through

autonomous process in which nanoparticles and

components organise into characteristic structures
various interactions (Whitesides and Grzybowski, 2002; Goodby
et al., 2008). By introducing patterns of nanoscale particles, the
alignment and ordering of liquid crystals can be controlled.

Furthermore, the dispersion of nanomaterials alters the self-

organised structures of LCs (Hegmann et al, 2007). The
characteristics of nanomaterials such as particle size,
composition, shape, and morphology can influence the self-

organisation of liquid crystals (Gongalves et al., 2021; Tripathi A.
K. etal., 2013). Nanomaterials can have a profound influence on the
orientation of liquid crystals, due to their small elastic constants, so
that (in contrast to solid state materials) nanoparticle induced
deformations extend largely into the director field. Nanoparticles
further exhibit a high surface area, which increases the surface
interaction with the liquid crystal molecules. The incorporation
of nanomaterials into a liquid crystal influences the alignment and
ordering of this LC, leading to the potential of orientational control.
The orientation of LCs can be aligned by either doping nanoparticles
into the bulk LC or by depositing and growing nanostructure on the
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substrates (Priscilla et al., 2023). In Brochard and Gennes’s work
(Brochard and De Gennes, 1970), a low concentration of magnetic
nanoparticles was dispersed into a liquid crystal to create a magnetic
suspension and control the liquid crystal director via external
magnetic fields. The system is like a ferrofluid with an
anisotropic liquid as carrier fluid. The application of an external
magnetic field reoriented the dispersed ferromagnetic particles and
the surrounding liquid crystal molecules underwent a change in
orientation and alignment via elastic coupling. Such materials were
first wrongly called ferromagnetic nematics, while they should rather
be seen as ferrofluids with an anisotropic carrier fluid. True
ferromagnetic nematics were only recently discovered by Mertelj
(Mertelj et al., 2013; Mertelj et al., 2014).

LCs are anisotropic media and characterised by long-range
orientational order, making them well-suited for the dispersion of
elongated nanoparticles. For instance, when carbon nanotubes are
dispersed in a nematic liquid crystal, the interaction between the
carbon nanotubes and the LC results in an increased dielectric
anisotropy and a slightly enhanced orientational order (Basu and
Tannacchione, 2010). The dispersion of single-wall carbon
nanotubes in nematic liquid crystal has also been reported to
lead to a decrease of the elastic splay constant, and threshold
voltage (Singh et al, 2018a). Nanoparticles with anisotropic
properties, such as rod-like or colloidal nanoparticles, when
dispersed in liquid crystals, induce an amplified nematic
orientational coupling (Li et al., 2006a). Additionally, the changes
in LC orientation result in texture changes and modified transition
temperatures are observed (Pal et al., 2019). Conversely, liquid
crystals can also rearrange the orientation of nanomaterials
through elastic interactions while reorienting the director field
(Yada et al., 2004; Schwartz et al., 2016).

3 Metal nanoparticles in LCs
3.1 Gold, Au nanoparticles

Metal nanoparticles are widely used to tailor the properties of
liquid crystals, and in turn, liquid crystals can tune the properties
of metal nanoparticles (Qi and Hegmann, 2006; Barmatov et al.,
2004; Yoshikawa et al., 2002; Mitov et al., 2002; Miiller et al.,
2002). Over the past few decades, metal nanoparticles have been
extensively employed due to their size-dependent properties,
unlike bulk metals. These nanoparticles exhibit quantum
confinement of free electrons. When the nanoparticles absorb
light at a frequency matching the natural frequency of the
collective electron oscillation, the free electrons on the surface
oscillate coherently. This collective oscillation of free electrons is
known as surface plasmon resonance (SPR). Due to the strong
interaction of the incident electro-magnetic field with the free-
electron cloud at the nanoparticles surface, this resonance leads
to the absorption and scattering of light, resulting in unique
optical properties (Myroshnychenko et al., 2008; Choudhary
et al,, 2014). In most studies concerning metal nanoparticles
and LCs, nano gold is commonly used as a dopant. Gold
nanoparticles exhibit SPR in the visible region, and gold is
chemically inert and resistant to oxidation, which would
change the properties of the nanoparticles.
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FIGURE 1

K} @

(A) Schematic illustration of a gold nanorods with surrounded by rod-like LC molecules depicted in cyan. The inset shows a vial with the gold
nanoparticle-5CB dispersion. 5CB is one of the commercially available standard room temperature nematic liquid crystals. (B) Schematic of dispersed

nanorods following director n (Liu et al., 2014a).

The occurrence of SPR in gold nanoparticles enables numerous
applications, because the SPR peak can be tuned by changing the size
of particle or the dielectric constant of the surrounding medium (Su
et al., 2003; Liu et al., 2010). Liquid crystals are particularly suitable
as a medium for gold nanoparticle due to the fact that the dielectric
constant of LCs can be easily changed through director reorientation
by applied external electric fields, reorienting the shape-anisotropic
molecules. Gold nanoparticles with SPR can be dispersed within a
liquid crystal matrix, offering the potential to harness the unique
optical properties of the gold nanoparticles and tune the
characteristics of the liquid crystal. When gold nanorods are
dispersed in LCs, they can be aligned along the host LC via self-
organisation and without external fields applied, thereby allowing
for a voltage-controlled tuning of the plasmonic response and the
absorption spectra of gold nanorods in liquid crystals (Chu et al.,
2006). By applying external magnetic fields or mechanical fields via
shear forces, the alignment and reorientation of the liquid crystal
may also be achieved, leading to a long-range orientational order of
well-dispersed plasmonic nanorods. Consequently, this results in a
switchable polarisation-sensitive plasmon resonance that exhibits
distinct differences from the behaviour of the nanorods in isotropic
fluids (Liu et al., 2010).

Figure 1 illustrates a schematic representation of gold nanorods
dispersed in a nematic LC, where the nanorods align with the
director field n(r) of the host matrix. Orientational order is
caused by self-assembly, and the director field is controlled
through the LC-surface interactions with the substrates, obtained
by unidirectional rubbing. Miiller et al, (2002) investigated the
surface plasmon splitting of a gold nanoparticle coated with a
liquid crystal, finding that the
resonance frequency in the scattering cross section depends on

nematic surface plasmon
the angle between the director and the polarisation of incident
light. Later, Park et al. (Park and Stroud, 2004) reported that surface
plasmon splitting enables the production of a measurable surface
plasmon frequency when the nanorod is oriented in the same
direction within the host NLC. However, it was observed that the
director field is influenced near the metal surface, and that the
surface plasmon splitting is thus reduced (Stark, 2001). When a
liquid crystal coated gold nanoparticle is considered, the surface
deformation of the liquid crystal can enhance the surface plasmon
splitting. Under an applied field, two boojum defects are induced on
the surface of the nanoparticle, leading to an enhancement of the
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FIGURE 2
Schematic illustration of mesogenic monolayer-capped gold
nanoparticle (GNP) (Choudhary et al., 2014).

peak splitting in the scattering cross section through surface
deformation (Park and Stroud, 2005). Liu et al, (2014a)
engineered plasmonic guest-host LCs, capable of switching
material properties and controlling light propagation across
visible and infrared spectral ranges. This involved the controlled
dispersion of anisotropic metal nanoparticles in nematic LC [5CB,
(4-cyano-4'-pentylbiphenyl)] hosts, enabled by controlled weak
anisotropic interactions between the surfaces of nanoparticles and
the LC host (Zhang et al., 2015).

The gold nanoparticle-liquid crystal composites are typically
prepared by dispersing capped nanoparticles (as shown in Figure 2)
into an LC in the isotropic phase, followed by ultrasonication over
an extended period of time. The capping procedure helps to control
the miscibility, prevents agglomeration, and maintains the stability
of the composite (Qi et al., 2009; Khatua et al., 2010). Different types
of capping using organic/inorganic and biological/inorganic blocks,
and the role of the capping in the LC mixture have been discussed
(Daniel and Astruc, 2004; Qi and Hegmann, 2011). The solubility of
gold nanoparticles is significantly enhanced when the capping
material exhibits a chemical structure similar to that of the liquid
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crystal molecule. The doping of metallic nanoparticles, such as gold,
increases the birefringence of the liquid crystal, and the
enhancement of birefringence is influenced by the sizes and
concentration of the nanoparticles (Li et al.,, 2013). Elkhalgi et al.
(2018a) investigated the gold nanoparticle-doped nematic liquid
crystal 6CHBT composite. They observed the dielectric and electric
properties and found that the threshold voltage decreased, while the
phase transition (nematic to isotropic) temperature (Ty;) and the
dielectric permittivity of the composite slightly increased. These
effects were attributed to the presence of gold nanoparticles, which
increased the nematic order parameter. When gold nanoparticles
were dispersed in the nematic LC 5CB, the nematic to isotropic
phase transition temperature significantly increased, and the
dielectric anisotropy and threshold voltage decreased. Here, the
changes were attributed to the formation of anti-parallel dipoles and
the availability of extra space for ionic movement in the composite
(Pandey et al.,, 2011), where the anti-parallel dipoles are related to
the stability of the nematic phase. Furthermore, when a small
concentration of gold nanoparticles (0.02 g solution of 107" M
Au-NPs dispersion) was doped into a polymer-dispersed liquid
crystal (E44), the threshold voltage decreased, resulting in a
lower switching-on electric fields and the optical transmission
was increased (Hinojosa and Sharma, 2010). Also in the case of
gold nanoparticles dispersed in ferroelectric liquid crystals (Felix
(17/100)), a lower threshold voltage and enhanced optical properties
were observed (Kaur et al, 2007). Additionally, a significant
enhancement in the photoluminescence intensity was reported by
about an order of magnitude (Kumar et al., 2009). A non-volatile
memory effect was observed when gold nanoparticles were doped
into a deformed helix ferroelectric liquid crystal (DHFLC). This
effect is caused by the electric field induce charge transfer from the
LC to gold nanoparticles and the stabilisation of helix deformation
of LC (Prakash et al., 2008). The charge is stored around the gold
nanoparticles and changes the properties of the LC. When a bias
field is applied, the cell undergoes a switching mechanism. However,
when the bias field is removed, the charges cannot recombine,
causing the memory effect.

The electrical conductivity obviously increases by doping gold
nanoparticles in the nematic liquid crystals (Prasad et al., 2014;
Krishna Prasad et al., 2006), however, the influences on the nematic-
isotropic transition temperature of the composite are not consistent.
The formation of nanoparticle chains causes the increased
conductivity (Holt et al, 2024), reminiscent of a percolation
system. Similar phenomena have also been observed with the use
of other nano-metals such as silver (Singh et al., 2013), copper
(Yaduvanshi et al., 2015) and nickel (Raina, 2013).

The studies mentioned above suggest that nematic LCs are
mainly employed to adjust the SPR of gold nanoparticles by
tuning the external electric field and temperature conditions.
Milette et al. (Milette et al., 2012) reported the formation of
structures in high concentrations (5 wt%) of gold nanoparticles
dispersed in nematic liquid crystals (5CB). The gold nanoparticles
were coated with a mesogenic layer designed to be miscible with the
LC (Figure 2). While the mixture was cooled from the isotropic
liquid to the nematic liquid crystalline phase, the nanoparticles
formed a reversible micron-scale network on cooling across the
clearing point by enrichment of the NPs at the nematic-isotropic
liquid interfaces (Figure 3). As the film thickness increased to
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approximately 70 um, large nematic droplets formed, causing the
gold nanoparticles to concentrate in the remaining isotropic liquid
region, and resulting in the formation of thick strands. Within each
branch, smaller droplets nucleated, as depicted in Figure 3 (d, inset),
while the remaining liquid crystal exhibited the nematic Schlieren
texture (Figure 3D).

Lyotropic liquid crystals are self-assembled structures composed
of amphiphilic molecules or anisotropic particles in combination
with an isotropic solvent, often water. Cellulose, an abundant
natural biopolymer found in the cell walls of plants, is widely
available in nature, making it an inexhaustible material on earth
(Brinchi et al., 2013). It is composed of thousands of long chains of
sugar units, high molecular weight polysaccharide (Park et al., 2010).
Due to the highly ordered structure of cellulose fibres, it can form
nanocrystals which in turn assemble to lyotropic liquid crystals
when dissolved in suitable solvents, often exhibiting selective
reflection, known as Bragg reflection of a wavelength related to
the helical pitch of the cholesteric phase (Rojas, 2016). This is
particularly of interest when the pitch lies in the visible range.

Cellulose nanocrystals (CNCs) can form lyotropic liquid
crystals, in particular helical cholesteric structures, and their
incorporation alongside nano gold particles enables the
development of functional thin films for applications. The liquid
crystal self-organised order of CNCs into a helix acts as a template
and provides a structural framework for the dispersed gold particles
within the liquid crystal. Gold particles can be adsorbed or bound to
the nanocrystals, influencing the morphology and ordering of the
mixture. The plasmon properties of nano gold such as surface
(SPR), interact with light to produce
enhanced optical responses (Islam et al, 2018). Gold nanorods-

plasmon resonance

CNC composite plasmonic films exhibit strong plasmonic optical
activity, which depends on the photonic properties of the CNC host
and plasmonic properties of the gold nanorods (Querejeta-
Fernandez et al, 2014; Liu et al, 2014b). In particular, chiral
plasmonic films can be formed. The combination of gold NPs
and CNCs provides materials with various applications in optics
and sensing. Further investigations involving gold nanoparticles and
lyotropic LCs focus on improving optical and electro-optical
properties of the dispersions (Shadpour et al, 2019; Liu X.
et al.,, 2019).

3.2 Silver, Ag nanoparticles

Metal nanoparticles are widely and extensively studied because
of their exploitable optical properties. Silver (Ag) nanoparticles are
one of the popular and widely used variety of metal nanoparticles
due to their high electric and thermal conductivity, their chemical
stability, the calorimetric effect at nanoscale range and medical
application potential (Gittins et al., 2000; Haynes et al., 2003; Crooks
etal.,2001). Vimal et al. (Vimal et al., 2017) reported the influence of
silver nanoparticles dispersed in ferroelectric liquid crystals (W343).
The orientation of nanoparticles in the composite affects the
ordering of the LC phase, as shown in Figure 4, the strong
repulsive forces between the LC and nanoparticles form the self-
assembled 2D-arrays, orientated perpendicular to the rubbing
direction, resulting in a modified phase transition, molecular
alignment and electro-optics properties.
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FIGURE 3

POM images of 5 wt% gold nanoparticles dispersed in 5CB. (A, B) using untreated 20 pm thick glass cell, resulting in a network of branches and no
nodes with Schlieren texture mixed with homeotropically aligned LC. (a, inset) the network starting with nucleating radial nematic droplets. (C, D) using
untreated 70 um thick cell, displaying nematic Schlieren texture. (d, inset) A cellular network is formed with stable radial director configuration. (A, C) with

parallel polarisers, (B, D) with crossed polariser (Milette et al., 2012).
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FIGURE 4

Glass plates

Schematic illustration of a cross sectional view from the X-Z plane of the silver nanoparticles dispersed in a ferroelectric smectic liquid crystal
system, revealing two-dimensional arrays of nanoparticles between the smectic layers. Disconnecting smectic layers with deformation of layers can be

realised due to the 2D array of nanoparticles (Vimal et al., 2017).

When a small amount of Ag (0.02wt% and 0.05wt%)
nanoparticles is doped into the nematic LC 6CHBT, some
important physical parameters change (Singh et al., 2013). It was
thus observed that the threshold volyage decreases, as does the
elastic constant. This is most likely due to a decrease in local order in
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the vicinity of the nanoparticles, due to their boundary conditions,
which locally disturbs the far-field orientational order of the
nematic, this decreasing the elastic constant which in turn
reduces the threshold voltage. The dielectric anisotropy is very
slightly reducedby the addition of the nanoparticles, while the
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TABLE 1 Effect of metal nanoparticles on the electric properties of liquid crystal.

Metal Liquid crystals Results Ref.
Gold 6CHBT Vth |, TNI T, dielectric permittivity T Elkhalgi et al. (2018a)
5CB Vth |, TNI T, dielectric anisotropy | Pandey et al. (2011), Krishna Prasad et al. (2006)
NLC (PCPBB, HAT6, 5CB) | Electrical conductivity T Prasad et al. (2014), Krishna Prasad et al. (2006), Holt et al. (2024)
TNI | for PCPBB, T for HAT6
FLC Felix (17/100) Vth |, optical contrast T Kaur et al. (2007)
Silver 6CHBT Vth |, TNI T, dielectric anisotropy |, elastic constant | | Singh et al. (2013), Tripathi et al. (2018)

conductivity anisotropy is substantially increased (Singh et al,
2013). Tripathi et al. also found that the silver nanoparticles
decrease the dielectric anisotropy, threshold voltage and elastic
constant (Tripathi et al, 2018). Additionally, when CNCs are
combined for example with silver nanowires, plasmonic optical
activity and a tuneable chiral distribution of aligned silver
nanowires with long-range order can be achieved (Chu et al,
2015). Table 1 provides a short summary of liquid crystals doped
with metal nanoparticles.

4 Carbon nanoparticles

Another class of nanomaterials that has gained popularity as a
dopant in liquid crystals are carbon-based nanomaterials (Clancy
et al., 2018; Lisetski et al., 2014; Dolgov et al., 2010; Kumar et al.,
2021). Carbon nanomaterials can be categorised into three groups
based on their dimensionalities, including fullerenes (0-D),
nanotubes (1-D), and graphene derivatives (2-D).

4.1 Fullerenes

Fullerenes are hollow spherical and ellipsoidal molecules
composed of 60-70 carbon atoms, arranged in pentagonal and
hexagonal patterns. Owing to their unique aesthetic structure and
extraordinary properties, fullerenes have generated significant
interest (Kroto et al., 1985). The investigation into the dispersion
of carbon nanomaterials in liquid crystals began in the early 1990s
when Dolganov et al, (1993) first doped the rugby ball-shaped
fullerene C70 into a thermotropic liquid crystal, and the polarised
absorption spectrum of C70 indicated orientational ordering of the
C70 fullerene molecules. Among various fullerenes, C60 has been
more frequently and extensively studied. The C60 molecule is a
strong electron acceptor, forming corresponding anions, and its
molecular structure is spherically symmetric (Li et al., 2012). The
studies of fullerenes doped into liquid crystals have primarily
focused on enhancing the electrical and electro-optic properties
of the composite. The presence of fullerene in liquid crystals changes
the photoconductivity, refractive index and dielectric anisotropic
properties (Okutan et al., 2005a; Okutan et al., 2005b).

Shukla et al, (2014) reported the dispersion of C60 in a
ferroelectric smectic C* liquid crystal and investigated the
electro-optical parameters and dielectric of the
fullerene-FLC composites. As a result, the switching time of the

responses

liquid crystal was significantly reduced, showing approximately a
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76% increase in speed with a 0.5 wt% of C60. Additionally, the
presence of fullerene in liquid crystals can enhance the phase
stability of the composite, which is particularly significant for
Blue Phases, (BP). One approach to broaden its temperature
regime was via polymer-stabilisation (Kikuchi et al, 2002).
However, the effectiveness of polymer-stabilisation strongly
depends on specific polymer-liquid crystal mixtures, and the
consistent observation of BP phase stabilisation remain elusive.
Draude et al, (2020) reported the dispersion of a low
concentration (0.03 wt%) of C60 in the liquid crystal CE8, which
resulted in an expansion of the temperature range of the blue phases
from 0.5°C to ~4°C. The width of the chiral nematic phase decreased
to accommodate the stabilised blue phase. The small amount of
C60 fullerene exhibited a positive impact on the stabilisation of the
Blue phase. Since the BP is composed of mutually orthogonal double
twist cylinders, which in three-dimensional space cannot be realised
without the introduction of defects. These defects form a cubic body-
or face-centred lattice at the expense of the free energy. Given their
small size, the fullerenes can pack within the space of defects and
disclination lines, thus reducing the total free energy of the system.
Consequently, the stability of the blue phase is enhanced.

Vovk et al., (2012) reported that a higher concentration of the
modified fullerenes (0.1-0.3 wt%) in nematic LC E25M increased
electrical conductivity. This is most likely due to residual impurities
in the fullerenes, such as metals used during the catalytic synthesis.

Instead of dispersing fullerenes within a liquid crystal phase, it
was also demonstrated that fullerenes can be molecularly
incorporated into mesogens. In that case the primary application
of fullerenes is as a fundamental building block within a mesogenic
In 1996, Chuard and Deschenaux (Chuard and
Deschenaux,

molecule.
1996) first synthesised a molecule containing
fullerenes that exhibited thermotropic liquid crystal behaviour.
The synthesis was constructed from two cholesterol derivatives
bridged through a methano-fullerene structure. The bulky
C60 groups hinder the crystallisation.

4.2 Carbon nanotubes

Carbon nanotubes (CNTs) are highly isodiametric, quasi-1D
materials with a large aspect ratio (long and thin cylinders), and
were discovered in 1991 by lijima and Ichihashi (Iijima, 1991).
CNTs are exist in two basic varieties, which are single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs) (Proctor et al.,, 2017). The former are composed of a
single layer hollow cylinder carbon, much like a rolled-up sheet of
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FIGURE 5

(A) SEM images of the employed nanotube materials. MWCNTs aggregate into fibrils (left). These fibrils are not simple carbon fibres; at a larger
magnification of 12.7 k (scale bar 2 pm), the individual MWNTSs can be resolved (right). (B) Polarising microscope image of E7-MWCNT dispersion with

MWCNT fibrils oriented along the nematic director (Dierking et al., 2004).

graphene, while the latter are formed by several concentric cylinders.
CNTs can have different electronic structures, depending on their
configuration, armchair or zigzag and chiral; therefore, they can be
semiconductors (MWCNT) or conductors (SWCNT). In the case of
conductive nanotubes, the conductivity along the tube axis is much
larger than in the radial direction (Reich et al., 2008; Collins and
Avouris, 2000). CNTs are highly anisotropic materials and
exhibiting a large elastic modulus in direction of the tube axis.
The first application of adding carbon nanotubes to liquid crystals
was the doping of a thermotropic liquid crystal with multi-walled
nanotubes to create diffraction gratings (Lee and Chiu, 2001; Lee
et al,, 2001). The anisotropic liquid crystal molecules oriented the
nanotubes, and then the LC was removed to acquire well-oriented
nanotubes (Lynch and Patrick, 2002). In 2004, Dierking et al.
(Dierking et al., 2004) reported the behaviour of SWCNTs and
MWCNTs dispersed in the nematic liquid crystal E7. In the
observation by scanning electron microscopy (SEM), the carbon
nanotubes tended to aggregate into larger fibrils, as shown in
Figure 5A. After dispersing the single- and multi-walled
these fibrils further
aggregated and aligned along the director of the liquid crystal, as
shown in Figure 5B. The nanotubes are mainly oriented along the

nanotubes within the liquid crystal,

director, indicating that the orientational order of the LC can be
employed to orient the nanotubes on a large scale; the LC director
field thus acts like a template for nanotube ordering. Conductivity
measurements illustrate a slight increase in the threshold voltage,
which is attributed to the interaction between the oriented
nanotubes and LC. Above the threshold voltage, the conductivity
increased rapidly for the CNT-doped sample due to the spatial
reorientation of CNTs following that of the director. These results
imply that the LC can not only orient but also reorient carbon
nanotubes (Dierking et al, 2005). Figure 6 summarises the
reorientation process. Above the threshold voltage, when the
applied electric field is active, the LC-CNT dispersion orients
into a homeotropic director orientation. The nanotubes follow
the liquid crystal director due to elastic interactions and form an
oriented conducting percolation network between the two planar
electrodes, as shown in Figure 6A. Once the electric field is removed,
the LC molecules reorient back to planar orientation due to the cell
boundary conditions, resulting in a disruption of the conduction
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contacts of the nanotube percolation network (Figure 6B). The
attributed to the elastic
interaction between the LC and the nanotubes. This elastic
the the
orientational order of the LC director field, leading to the

second reorientation process is

interaction causes nanotube bundles to acquire
reorientation of the nanotubes bundles back to the planar, non-
conductive orientation (Dierking et al., 2008). For liquid crystals
with negative dielectric anisotropy the reorientation progresses in
the opposite way. The CNT doped negatively dielectric nematic
shows a

under homeotropic boundary conditions

conductivity, which is largely reduced under electric field

strong

application, switching the LC into a planar orientation and the
nanotubes following due to elastic interactions. One can thus
construct off-on as well as on-off nanotube switches using liquid
crystals as a reorientation matrix.

Additionally, instead of using electric field control of the
orientation of nanotubes, a magnetically-controlled LC-CNT
device has been introduced to manipulate the orientation
(Dierking and San, 2005). As the magnetic field reorients the LC
from planar to homeotropic alignment, the elastic interaction
between LC and CNTs reorients the nanotubes to homeotropic
direction above the magnetic threshold field which is in the magnetic
case cell gap dependent. In contrast to the electric field, the
Freedericksz threshold voltage is independent of the cell
the field is
proportional to the cell gap.

It has been reported that CNTs dispersed in liquid crystals
enhance the electro-optic properties (Shukla et al., 2018; Lee et al.,
2004; Baik et al., 2005). Singh et al., (2021) reported the dispersion of
MWCNTs increased the permittivity, dielectric anisotropy and

gap. However, threshold magnetic inversely

enhanced the orientational order of nematic liquid crystals. In
the composite of SWCNTs and the nematic LC 3017, there was a
decrease in the threshold voltage observed, an enhancement in the
nematic ordering of the LC host, and an increase of the dielectric
anisotropy. The authors suggested that the interaction between the
nanotubes and liquid crystal decreased the splay elastic constant of
the dispersed system, causing the decrease in the threshold voltage
(Singh et al., 2018b). However, the threshold voltage of CNTs-LC
varies with the concentration of nanotubes. With a larger amount of
nanotubes (0.5%), the elastic constant of the composite increases
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A schematic model of the liquid crystal-nanotube dispersion reorientation describing the two-step reorientation process as can be observed in
conductivity measurements. (A) The initial conductive state where nanotube bundles form a conducting percolation network oriented along the liquid
crystal director field. (B) Sudden reduction of the electric field below the Freedericksz threshold causes a liquid crystal director reorientation from the
homeotropic to the planar state, which in turn disrupts the nanotube percolation network, causing a rapid decrease in conductivity (C) Elastic
interactions between the nanotube bundles and the liquid crystal matrix cause an orientational reorientation of the nanotube bundles (Dierking

et al,, 2008).

since the large amount of CNTs cause a compact network aggregate
(Ibragimov and Rzayev, 2020). For different LC host materials, the
switching behaviour of CNT-LC differs, some results suggesting a
decrease of threshold voltage for low nanotube concentrations while
an increase could be observed at larger CNT concentrations (Scalia
et al, 2007; Schymura and Scalia, 1988). The electro-optic and
dielectric properties of carbon nanotubes dispersed in ferroelectric
liquid crystals were discussed. Increasing nanotube concentration
was found to lead to a decrease in tilt angle yet larger spontaneous
polarisation (Yakemseva et al., 2014).

Nanotubes also exhibit a stabilising effect on the Blue Phases. A
small amount of SWCNTs doped into CE8 increases the
temperature range of the Blue Phase from 0.5 to 4 K (Draude
et al., 2020). This increase in phase stability can be explained
through a lowering of the free energy density due to nanotubes
agglomerating within the Blue Phase defect lattice.

Onsager (1949) described a theory of anisotropic colloids
ordering due to the effects of shape by purely repulsive, steric,
excluded volume interaction of the dispersed colloids. When the
solution concentration exceeds a critical concentration, this leads to
a decrease in entropy, causing the anisotropic particles to align and
form a liquid crystalline phase. Carbon nanotubes (CNTs) are
isodiametric rod-like molecules with a large aspect ratio (long
and thin cylinders). DNA modified CNTs (to increase solubility)
were shown to exhibit a lyotropic nematic liquid crystal phase when
dissolved in an isotropic solvent (Jiang et al., 2007; Song et al., 2003;
Bravo-Sanchez et al,, 2010; Lu and Chen, 2010; Song and Windle,
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2005). Dispersing CNTs in an isotropic solvent is a challenging task,
due to their low dispersibility in their natural state. Chemical
modification with DNA or in fact covalent bonding of mesogens
increases the dispersibility of nanotubes, such that lyotropic liquid
crystalline nematic phases have been observed, sometimes also by
increasing the CNT concentration via solvent evaporation
(Schymura and Scalia, 1988; Jiang et al., 2007; Song et al., 2003).
Song et al. (2003) reported the formation of a lyotropic liquid
crystalline phase of MWCNT in water dispersion. The nanotubes
were functionalised with -COOH to enhance solubility. The
dispersion of nanotubes showed a phase transition from isotropic
to lyotropic nematic liquid crystals above the critical concentration.
Figure 7A shows the Schlieren texture of nanotubes dispersion at
4.8 vol%. The Schlieren texture contains distinctive “brushes”
emanating from topological singularities within the nematic
director field. The solvent is dried by evaporating the water,
resulting in a solid sample with a microstructure very similar to
that of the original dispersion, as shown in Figure 7B. Figures 7C, D
illustrate the s = +1/2 and s = —1/2 defects of the dried structure via
scanning electron microscope (SEM) images, where the severe bend
distortion close to the core is accommodated by twist distortion
between successive layers lying at slightly different depths below the
further studied the
isotropic—nematic phase transition in an aqueous dispersion of
MWCNTs (Song and Windle, 2005). The polydispersity of CNTs
dimensions and straightness influence the coexistence of two phases,

surface. One vyear later, the authors

the longer and thicker nanotubes are preferentially located in the

frontiersin.org


https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2024.1518796

Chen and Dierking

10.3389/frsfm.2024.1518796

FIGURE 7

(A) Optical image of multiwall carbon nanotubes dispersed in water, showing nematic Schlieren textures. The image is in reflected polarized light
with the polars crossed. Singularities at the centre of two-armed brushes correspond to disclinations in the structure. (B) Optical image of dried sample
(A). Singularities are again indicated by the two-armed brushes. (C, D) SEM image of (C) a +1/2 topological defect and (D) a —1/2 defect from the solid

sample of (B) (Song et al., 2003).

anisotropic phase. Song and Windle (Song and Windle, 2008)
revealed the size dependence of multiwalled carbon nanotube
liquid crystalline structures, where longer, straighter nanotubes
accumulate in the nematic phase of the dispersion, while short
tubes and impurities accumulate in the isotropic liquid.

4.3 Graphene based materials

Another allotrope of carbon, graphene, is one of the most recent
carbon allotropes having been discovered. The pioneering research
began with Geim and Novoselov (Novoselov et al., 2004), who
isolated graphene from graphite. Graphene (GP) is an excellent
material for potential technologies due to its properties, such as its
large mechanical modulus (Lee et al, 2008) and high electric
conductivity (Morozov et al., 2008). Graphene has found wide
application potential in a variety of new technologies. Like 1D
carbon nanotubes, practically a rolled-up version of graphene,
graphene is a 2-dimensional material which exhibits an extremely
high aspect ratio, the disk-like structure offers an option to alter the
dielectric anisotropic properties of nematic liquid crystals, also
changing their threshold voltage, elastic constant and viscosity,
when dispersed in a thermotropic LC. Gokgen et al. (2012)
reported that the dispersion of 0.05 wt% graphene in nematic
liquid crystal E7 significantly increased the threshold voltage
from 0.1 V to 1.2 V, and the addition of graphene led to a
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decrease in polarisation. Wu and Lee, (2013) investigated the
phase behaviour and dielectric properties of graphene
nanoplatelets dispersed in liquid crystal 8OCB. They found that
the transition temperature of nematic to isotropic and smectic A to
nematic increased when the graphene nanoplatelets exceeded 0.1wt
%. These graphene nanoplatelets enhanced the orientational order
of the LC mixture, resulting in an extension of the phase transition
temperature. Additionally, the doping of graphene nanoplatelets
generated a metastable poly-domain crystalline form, which served
as nuclei during crystallisation. In general, liquid crystals doped with
graphene show improvements in electro-optic properties such as
dielectric anisotropy and faster switching, yet also exhibit an
increase in conductivity (Basu et al., 2015; Basu, 2014). Figure 8A
shows the increase in dielectric anisotropy when small amounts
(0.786 x 107 to 3.64 x 107* wt%) of graphene are doped into a LC.
Figure 8B depicts the electric conductivity for both pure LC (black
circles) and the LC-GP composite (green diamonds). Graphene
significantly enhances the electric conductivity of the composite
when an electric field is applied above the threshold voltage. This is
not particularly advantageous for display applications but could be
beneficial for other applications like electric liquid crystal switches.
The authors (Basu et al, 2015; Basu, 2014) suggested that the
increase of the electric conductivity is attributed to the flat
surface of graphene being coupled to the director n of the LC,
i.e. providing internal planar boundary conditions, and reorienting
with n as the applied field increased, as shown in the scheme. The
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(A) Dielectric constant ¢ as a function of applied rms field in the nematic phase for the pure LC and LC-graphene (LC + GP). (B) Electrical
conductance o as a function of applied rms field in the nematic phase for the pure LC and LC + GP 2.29 x 10~* wt%. The reorientation of the graphene
flakes with the nematic director is shown in the inset schematics (Basu et al,, 2015).

strong m-7 electron stacking between the graphene and the LC
results in the enhancement of orientation order. However, the
solubility and dispersibility of graphene in any solvent or liquid
crystal are very poor, limiting its applicational behaviour.
Behabtu et al. (2010) proposed protonated graphene in chloro-
sulphonic acid exhibited the spontaneous formation of a liquid
(20-30 mg/mL).
Nevertheless, better materials or solvents need to be found to

crystalline phase at high concentrations
produce graphene based lyotropic liquid crystals which are easily
produced and stable.

Graphene oxide (GO) is such a material, resulting from the
decoration of graphene with hydroxy, epoxy and carboxyl groups
(Hummers and Offeman, 1958). These functional groups modify
the electric properties and raise the amphiphilicity and solubility
in solvents. GO retains the mechanical strength and the large
aspect ratio of graphene. It is available in large quantities through
the chemical oxidation or exfoliation of natural graphite
(Stankovich et al., 2006). Al-Zangana et al. (2016a) studied the
dispersion of two different sizes of graphene oxide in the nematic
liquid crystal 5CB across a wide range of concentrations. They
observed that the smaller GO flakes (560 nm) dissolved more
easily than larger ones (2.8 pm). Due to the strong surface
anchoring of LC molecules on the GO flakes, the dispersions
exhibited an increase in both threshold voltage and effective
elastic constant. This effect is attributed to the coupling between
the liquid crystal and the GO sheets, which strongly increases the
effective planar boundary area and thus the threshold voltage.
Increasing the GO concentration led to further increases in
threshold voltage and elastic constant, reaching saturation at a
concentration of about 1 wt%, as shown in Figure 9. The effect
was more pronounced for the smaller GO flakes. In the same year,
the authors also studied the dielectric behaviour (Al-Zangana
2016b)
concentrations in nematic LC 5CB. The dielectric relaxation of

et al, of dispersed GO of different sizes and
the GO-5CB composite was examined. The GO-LC composite
exhibited a dielectric relaxation, while the neat LC did not. This

can be explained by the slowing down of the molecular relaxation
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resulting from the strong anchoring via the GO dispersion
interaction.

Javadian et al. (2017) doped graphene oxide into nematic liquid
crystal E5CN7. They reported that GO doping led to a significant
increase in the nematic-isotropic transition temperature by
approximately 12°C, when the concentration of GO reached
0.75 wt%. Ozgan et al. (2018) studied the thermal and dielectric
properties of GO-doped LC 6CB and found that the dielectric
anisotropy of 6CB increased with increasing concentration of
GO. Graphene oxide decreased the phase transition temperature
approximately by 2 K at 2 wt% doping level. Thermal investigations
in general imply that the clearing point of a GO-LC dispersion is
strongly dependent on the liquid crystal material used, as well as
most likely also on the source of graphene oxide. The threshold
voltage generally increases for increasing GO concentration.
Additionally, the dielectric anisotropy of 6CB increased with
increasing concentration of GO. The change of phase transition
temperatures and electro-optical properties resulting from doping
GO into a liquid crystal are often not consistent. In 2018, Dalir et al.
(2018) reported that GO doping led to an increase in the elastic
constant and threshold voltage similar to the observations by Al-
Zangana et al. (2016a). Mrukiewicz et al. (2019) again reported a
decrease in threshold voltage of 5CB doped with graphene oxide at
0.05-0.3 wt%, with the decrease of threshold voltage being attributed
to the disrupted planar alignment caused by the strong interaction
between the 5CB’s benzene ring and graphene oxide structure. This
would imply that the GO sheets do not align with the liquid crystal
director. Similar results for GO dispersed in 5CB were reported by
Yadav et al. (2020), where the threshold voltage was reported to
decrease with the increase in GO concentration (0.04-0.3 wt%) and
temperature (26-32°C). The decrease in threshold voltage may be
caused by the decrease in orientational order due to the
dispersed GO.

Similar to fullerene and carbon nanotubes, graphene oxide
dispersed in the Blue Phase also exhibits a stabilisation effect of
the latter phase. Doping 0.001 wt% of GO into CES8 increases the
temperature range of Blue Phase by 4.3 K. It is presumed that the
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(A) Threshold voltage and (B) elastic constant as a function of concentration of GO flake in 5CB, for small and large GO sheet sizes (Al-Zangana

et al,, 2016a).

7 — 7 stacking between CE8 and graphene oxide stabilises grain
boundaries of different Blue Phase lattice orientation, thus leading to
a lower free energy and an increased phase stability with the GO
accumulating at the grain boundaries (Draude et al.,, 2020).
Importantly, graphene oxides also exhibit lyotropic liquid
crystalline behaviour in a variety of different isotropic solvents,
including water. According to Onsager’s theory (Onsager, 1949),
colloids with a high aspect ratio can self-assemble into a lyotropic
liquid crystal phase when a certain concentration range is reached.
In2011,KimJ. E. etal. (2011) first reported that GO in water formed
an isotropic-nematic biphasic region in a GO concentration region
between 0.05 and 0.7 wt% and a nematic phase above a
concentration of approximately 0.6-0.7 wt%, depending on GO
source. The orientation of graphene oxide liquid crystals could be
manipulated by the application of a magnetic field or through
mechanical deformation, i.e. shear. Shen et al. (2014) reported
that when the inter-flake interactions are weak, the alignment of
GO liquid crystals can be controlled by electric fields, resulting in
electro-optic switching due to the Kerr effect. Also in 2011, Xu and
Gao (2011a) demonstrated that GO sheets can form a chiral liquid
crystal when dispersed in water, in analogy to a twist-grain-
boundary (TGB) phase-like model with long-range helical
structure and lamellar ordering. At the same time as Kim J. E.
et al. (2011), Xu and Gao (2011b) also discussed the aqueous
dispersion of single-layered graphene oxide and established the
nematic-isotropic phase diagram versus mass fraction. The GO
formed a lyotropic LC which exhibiting birefringence between
crossed polarisers above a critical concentration. Figure 10A
shows the microscopic images of a GO-water dispersion. Above
the mass fraction of 5 x 10 a uniform birefringent sample was
observed which displayed a nematic Schlieren texture. Also, the
macroscopic images in test tubes show similar results. With
increasing the GO concentration, the textures of the LC could be
observed by the naked eye between crossed polarisers, and the
birefringence became more colourful, illustrating the formation of
the nematic phase, as shown in Figure 10B. Upon increasing the GO
concentration further, GO sheets can lead to the formation of a
lamellar phase. The aspect ratio of GO sheets influences the stability
of liquid crystal formation. For an increasing aspect ratio, the degree
of GO with a corrugated morphology in the solvent is enhanced (Li
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et al,, 2014). The high aspect ratio of the GO sheets leads to a lower
critical concentration to form a liquid crystal phase (Aboutalebi
et al, 2011). The size of GO sheets also influences the lyotropic
liquid crystalline phase diagram (Al-Zangana et al., 2017a). Below a
certain limit of sheet size (0.27 pm), GO does not form a LC phase.
Increasing GO sheet sizes favours lyotropic liquid crystal formation
(Aboutalebi et al., 2011; Dan et al., 2011). The solvent also plays an
important role in the formation of GO lyotropic LC phases. Solvents
with higher dielectric constants or higher relative static permittivity
can more easily form LC phase at lower GO concentrations or
smaller GO sheet sizes (Al-Zangana et al., 2017a). Jalili et al. (2013)
discussed the behaviour of GO dissolved in different organic
solvents, and the ability to form LC phase is attributed to the
polarity and dielectric constant of the solvents. More discussion
on optimising graphene oxide liquid crystal (GOLC) phase
formation and different characterisation methods for different
types of GOLC phases can be found in the review by Sasikala
et al. (2018). The effect of liquid crystals doped with carbon-based
nanoparticles are summarised in Table 2.

5 Semiconducting, ferroelectric, and
metal oxide particles

Inorganic materials are often dispersed in liquid crystals to tune
properties, such as dielectric [TiO, (Chen et al, 2009)] or
ferroelectric (BaTiO; (Singh et al., 2014)) particles, metal oxide
[V,05 (Diesselhorst and Freundlich, 1915)] and semiconducting
particles [CdSe (Li et al., 2002)]. Doping semiconducting or metal
oxide particles into liquid crystals can tune electric properties, such
as threshold voltage, viscosity, dielectric anisotropy (Chen et al.,
2009; Williams et al., 2005; Mukhina et al., 2012; Joshi et al., 2010)
and can also stabilised the Blue phase structure (Karatairi et al.,
2010). O Dolgov and V Yaroshchuk (2004) reported that the
dispersion of silica particles showed electro-optic memory, and
the preparation method of nanoparticles strongly effected the
electro-optic properties. Tripathi P. K. et al. (2013) doped zinc
oxide (ZnO) into nematic LC MBBA, resulting in an increase of the
dielectric anisotropy, threshold voltage, elastic constant and
viscosity, while the response time was reduced. Similar results
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FIGURE 10
(A) POM images between crossed polarizers of GO aqueous dispersions in planar cells with mass fraction of 5 x 1074, 1 x 103, 3 x 1073, 5 x 10~3,

8 x 1073, and 1 x 1072 (from 1 to 6). The scale bar represents 200 um (B) Macroscopic photographs between crossed polarizers of GO aqueous
dispersions with mass fraction of 1 x 1074, 2.5 x 1074, 5x 1074, 1 x 1073, 5x 107, 1 x 1072, 2 x 1072. (from 1 to 7) (Xu and Gao, 2011b).

TABLE 2 Effect of carbon nanoparticles on the electric properties of liquid crystal.

Material Liquid crystals Results
Fullerene FLC Switching time |
CE8 BPs range T
E25M Electric conductivity T

Nanotube (SWCNT and MWCNT) = NLC (E7, ZLI12806)

Orient the nanotube

Vth T, electric conductivity T

Permittivity T, dielectric anisotropy T, orientational order T
Vth |, dielectric anisotropy T, elastic constant |

Vth T, elastic constant T when (nanotube 0.5%), switching time |

Ref.

Shukla et al. (2014)
Draude et al. (2020)
Vovk et al. (2012)

Dierking et al. (2004)

Singh et al. (2021)
Singh et al. (2018b)
Ibragimov and Rzayev (2020)

Draude et al. (2020)

MWCNTs NLC (W-3017)
SWCNTs NLC (3017)
5CB
CE8 BPs range T
Graphene E7 Vth T, polarisation |
8OCB TNI 1, TsmA-N |

MLC-15600-100

Switching time |, electric conductivity T, dielectric anisotropy T

Gokgen et al. (2012)
Wu and Lee (2013)

Basu et al. (2015)

Graphene Oxide 5CB Elastic constant T, Vth T Al-Zangana et al. (2016a)
E5CN7 TNI T, elastic constant T, Vth T Javadian et al. (2017), Dalir et al. (2018)
6CB TNI |, dielectric anisotropy T, Vth T Ozgan et al. (2018)
5CB Vth | at GO 0.05-0.3 wt% Mrukiewicz et al. (2019), Yadav et al. (2020)
CE8 BPs range T Draude et al. (2020)

were also shown for Fe,O3 (Ye et al., 2017) and Manganese titanium
oxide (MnTiOs3) (Elkhalgi et al., 2018b).

The elasticity and topological defects of the LC host have been
utilised to assemble microparticles in various geometries (Blanc et al.,
2013; Smalyukh, 2018). When colloids or microparticles are dispersed
in a nematic liquid crystal, the local orientation of the LC is
determined by the surface interactions, resulting in different self-
assembled structures (Musevic et al., 2006; Lapointe et al., 2009;
Musevi¢ and Skarabot, 2008). Musevic et al. (2006) demonstrated the
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dispersion of micrometre-sized silica spherical particles in thin films
of nematic liquid crystals forming two dimensional lattice structures.
Figure 11 shows a silica sphere in a nematic liquid crystal. When the
thickness of the LC layer is above approximately 5 um, with particles
of size 2.3 pm (Figure 11A), the director field around the colloid is
distorted into a dipolar shape (Figure 11B), and colloids assemble into
chains oriented along the rubbing direction (Figure 11C). Conversely,
when the thickness is below approximately 3.5 um for the same
particle size, the director field around the colloid exhibits two dark
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Rubbing
direction

FIGURE 11

X

Dipolar and quadrupolar colloids in a thin layer of a nematic liquid crystal. (A) Micrograph of a d = 2.32 pm silica sphere in 5CB layer with 5 um
thickness. (B) Schematic illustration of the nematic order around the colloid has the symmetry of an electric dipole. (C) Dipoles form dipolar chains along
the rubbing direction. (D) Micrograph of ad = 2.32 umsilica sphere in 5CB layer with 2.5 um thickness. (E) Schematic illustration of the nematic order has
the symmetry of an electric quadrupole. (F) Quadrupoles form kinked chains aligned perpendicular to the rubbing direction (Musevic et al., 2006).

regions between crossed polarisers, representing the Saturn ring defect
encircling the colloid. The director field is quadrupolar (Figure 11D),
and the colloids are oriented perpendicular to the rubbing direction in
a zig-zag fashion (Figure 11F). The structures observed for colloids in
a thin nematic layer are spontaneously stable and exhibit long-range
orientation.

5.1 Metal oxide particles

One dimensional (1-D) nanostructures such as nanowires and
nanorods, have drawn tremendous attention in both fundamental
science and technology applications due to their electrical and
optical properties (Hu et al, 1999; Lieber, 1998). Unlike
nanotubes, which generally exhibit a pronounced polydispersity,
nanorods are often closer to the ideal Onsager-like system (Onsager,
1949). Rod-like particles often have orientational order and no
positional order, forming nematic liquid crystalline phases,
although the formation of smectic phases is known as well. Zinc
oxide (ZnO) is most often a white powder that is insoluble in water,
often used as an additive in paint. ZnO nanowires are
semiconductors with a high aspect ratio. Zhang et al. (2011)
reported that ZnO nanowires exhibit liquid crystalline behaviour
in aqueous and organic solvents. With an increase in ZnO
concentration, the mixture transitions from an isotropic via a
biphasic state to a nematic phase, as shown in Figure 12. The
alignment of nanowires can be controlled by shear flow; after
solvent evaporation, the dried nanowire assembly inherits the
alignment of the nematic suspension, as shown in Figure 12F.
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Silica nanoparticles were probably some of the first materials to
be doped into liquid crystal phases. Dispersion into nematic phases
(Yadav et al., 2019) has shown that a very well aligned neat nematic
phase experiences disturbances in the director field which slowly
degrade the alignment with increasing silica nanoparticle
concentration. Nevertheless, an increase in birefringence is
observed for increasing concentration. At the same time the
relative dielectric permittivity is slightly decreased and at low
frequencies the ionic contribution to the dielectric spectra is
decreased, which indicates that the ions are possibly adsorbed on
the silica particles (Liao S.-W. et al,, 2012). The bulk conductivity
was found to be increased for increasing silica concentration. The
authors further report an enhancement of photoluminescence with a
slight redshift for increasing silica concentration, and also an
increased UV absorbance.

In Blue Phases (Hsu et al, 2018) the dispersion of silica
nanoparticles has been shown to widen the existence range of the
BP phase and a decrease in the driving voltage of the electro-optic
Kerr effect, combined with a decrease of rise and fall time for
increasing concentration.

Dispersing silica into the ferroelectric SmC* phase
(Chaudhary et al,, 2012) allows a tuning of the electro-optic
properties. The tilt angle and thus also the spontaneous
polarisation were found to decrease for increasing particle
concentration when compared to the pure ferroelectric phase.
The viscosity increasing

concentration, and thus the response time become faster. The

rotational is decreased for
dielectric permittivity was reported to be decreased for increasing

silica nanoparticle levels. Other reports (Kumar and Raina, 2012)
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FIGURE 12

POM images of ZnO nanowire in solvent. (A) 0.5% ZnO showing the isotropic phase; (B) 2.3% ZnO showing biphasic phase (C) 6.3% ZnO showing
Schlieren texture (D) dried nanowire under crossed polariser (E) dried nanowire without polarisers (F) SEM image of dried long-range oriented nanowire

(Zhang et al., 2011).

also indicate a decreasing tilt angle and spontaneous polarisation,
but a slightly increasing rotational viscosity and thus an increase
with
They also found that the contrast ratio

in response time increasing silica nanoparticle
concentration.
was enhanced.

But also more exotic systems have been doped with silica
nanoparticles, for example nematic polymer dispersed liquid
crystals (PDLC) (Jayoti et al, 2017). The authors reported
slightly decreased transition temperatures for increasing silica
concentrations, of the order of 2-3 K. The transmission was
increased as a function of nanoparticle concentration, while at
the same time the threshold voltage and the conductivity
were reduced.

From the viewpoint of nanoparticle doping, a particularly
unusual study was reported in (Landman et al., 2014). Here, the
authors doped a lyotropic nematic clay (beidellite) suspension with
silica particles of increasing concentration. They found that the two-
phase region not only shifted to higher beidellite concentrations but
was also widened. The viscosity of the silica nanoparticle doped clay
suspension markedly increased with increasing concentration of

silica at constant beidellite concentration.
5.2 Semiconducting nanoparticles

Cadmium selenide nanorods are semiconducting materials.
Alivisatos et al. (Li et al, 2002) reported the liquid crystalline
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phase of CdSe semiconductor nanorods. When the CdSe
nanorods are dissolved in cyclohexane at high concentration
(>10 wt%), the nematic phase is observed to occur during
solvent evaporation (Figure 13A), showing Schlieren textures in
polarising optical microscopy, as shown in Figure 13B. The authors
suggest that the liquid crystalline phase of CdSe nanorods exhibits a
larger elastic constant than regular organic LC molecules due to the
size and rigidity of the nanorods. Additionally, CdSe nanorods have
shown photoluminescence which is linearly polarised along the long
axis (Hu et al., 2001). The liquid crystal formed by CdSe nanorods
can be aligned and the director controlled by external electric,
magnetic or mechanical fields. One can thus change the
polarisation direction of photoluminescence, for example in
devices with in-plane electrodes.

One year later, Li and Alivisatos (2003) reported the
alignment, orientation, and surface deposition of CdSe
nanorods from the lyotropic liquid crystalline phase. The
CdSe nanorods are enabled to be synthesised with a well-
controlled width (3.0-6.5 nm) and length (7.5-40 nm) (Li
et al,, 2001). The macroscopic alignment of CdSe nanorods
was observed by transmission electron microscopy (TEM). As
the solvent evaporated, the CdSe nanorods were deposited,
aligned along the nematic director of the self-organised liquid
crystal phase it formed during the increase of nanorod
concentration in the solvent. By controlling the orientation of
the liquid crystal through external fields, a high degree of

orientational order of deposited nanorods can be achieved.
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FIGURE 13

POM image CdSe nanorods in cyclohexane during solvent evaporation. (A) Nematic droplets formed from the isotropic phase during the
evaporation of the solvent. (B) Schlieren textures in a later stage, at high CdSe concentration (Li et al., 2002).

5.3 Ferroelectric nanoparticles

Before concluding this section, it is important to introduce
ferroelectric particles. Ferroelectricity is a property observed in
materials where permanent electric dipoles add to form a non-
zero spontaneous polarisation that can be reoriented between two
stable states by an externally applied electric field. Ferroelectric
liquid crystals (FLC) are a type of liquid crystal that exhibit
properties, the
polarisation of the sample. FLCs can switch their molecular

ferroelectric characterised by spontaneous
orientation in response to an electric field and the coupling
between electric field and polarisation leads to a fast response in
the microsecond regime (Chigrinov, 1999; Chigrinov et al., 2013).
The spontaneous polarisation of ferroelectric particles may induce
an electrical polarisation within the surrounding LC, leading to an
increase in the order parameter of the doped LC and an increase in
its clearing temperature (Li et al., 2006a). By doping 0.2 wt% of
ferroelectric particles into the LC, the nematic orientational order
parameter increased by 10%, and the clearing temperature rose by
40°C. Lopatina and Selinger (2011); Lopatina and Selinger (2009)
discussed the mechanics of ferroelectric particles in liquid crystals
through a Landau theory, which predicts an increase in the nematic-
isotropic temperature and sensitivity to the electric field. Reznikov
et al. (2003) reported that a low concentration of nano-sized
ferroelectric Sn,P,S¢ particles in the nematic LC ZLI-4801
enhances the dielectric response and order parameter without
disturbing the alignment of LC molecules. Kurochkin et al.
(2010) doped ferroelectric nanoparticle Sn,P,S¢ into 5CB, leading
to a shift in the clearing temperature, and the corresponding changes
in the order parameter were observed. The dielectric anisotropy and
birefringence increased due to the increase of the order parameter.
This was explained by Shelestiuk et al. (2011) who developed a
the of a LC
nanosuspension with ferroelectric particles. further
predicted that the ferroelectric particles decrease the Freedericksz
The latter
experimentally by Cirtoaje et al. (2015) who measured the

theoretical model for dielectric properties

It was
transition threshold voltage. was demonstrated
electric properties of the nematic LC 5CB with shape-anisotropic
ferroelectric BaTiO;. The threshold voltage was found to be lower
when the ferroelectric particles were added, indicating that the
particles are oriented parallel to the LC. When the nanoparticles
are perpendicular to the LC molecules, the threshold voltage
may increase.
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Reznikov and co-workers made a dilute suspension of
ferroelectric particles Sn,P,S¢ suspension in the nematic LC ZLI-
4801. The nanoparticles did not disturb the director field of the LC.
Simultaneously, due to their anchoring with the LC, the large dipole
moment and high polarizability of the ferroelectric particles, the
doping increased the dielectric anisotropy, the static dielectric
permittivity (Ouskova et al., 2003; Buchnev et al., 2003; Buchnev
et al,, 2004), and decreased the threshold voltage (Reznikov et al.,
2005). In addition, introducing ferroelectric nanoparticles into a
cholesteric mixture used in a scattering device decreased the driving
voltage from clear to scattering by 45%, which was caused by the
increased dielectric anisotropy of the cholesteric mixture. Due to the
permanent polarisation of ferroelectric particles, the birefringence
increased in both the nematic and the cholesteric liquid crystals
(Kurochkin et al., 2009). Another common ferroelectric is the above-
mentioned barium titanate (BaTiO;), which has a spontaneous
polarisation, depending on the size and fabrication/treatment of
the nanoparticles. Doping a low concentration of BaTiO;
the
birefringence, dielectric anisotropy and elastic constant (Li et al.,
2006b; Glushchenko et al., 2006). Liang et al. (2010) dispersed
BaTiO; into the ferroelectric liquid crystal (FLC) CS1024,
resulting in a spontaneous polarisation of twice that compared to

significantly  increases phase transition temperature,

the pure FLC. The response time was shortened, and the dielectric
constant was increased, especially for the smectic C* phase. Also the
size effect of BaTiO; has been investigated; Rudzki et al. (2013)
dispersed various sizes of BaTiOj; into different FLC mixtures. The
smaller particles (9 nm) exhibited more pronounced effects on
spontaneous polarisation and switching time than the larger ones
(26 nm). This result is somewhat surprising, as it is generally
that
dimensions <100 nm exhibits a cubic unit cell and is thus not

believed barium  titanate at low  nanometre
ferroelectric. Only for larger sizes a tetragonal unit cell is generally
observed, together with ferroelectricity for particles of size >100 nm.
Nevertheless, it should be pointed out that the crystal structure of
barium titanate strongly depends on the method of nanoparticle
production, milling etc.

The electro-optic properties of various sizes BaTiO3 in nematic
liquid crystals were also measured by Herrington et al. (2010), with
larger particles causing a more significant enhancement of dielectric
and optical anisotropy. Al-Zangana et al. (2017b) investigated the
effects of different sizes and concentrations of barium titanate in the

nematic LC 5CB and the ferroelectric SmC* M4851/050. It was
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are the size of nanoparticles (Al-Zangana et al., 2017b).

found that a low concentration of nanoparticles did not influence the
electro-optic properties at all. At higher concentrations, the
nanoparticles increased the threshold voltage and elastic constant
of the mixture, as shown in Figure 14. However, the ferroelectric
particles had no significant effects on the electro-optic properties of
a ferroelectric SmC* liquid crystal. The physical properties of the
ferroelectric particles dispersion can vary depending on the size,
shape, LC host and the method of preparation (Gupta et al., 2010).
Cooketal. (2010) and Blach et al. (2010) reported that the dispersion
of BaTiO; decreases the threshold voltage, meanwhile, Glushchenko
et al. (2006) and Klein et al. (2013) found that doping ferroelectric
particles did not change the threshold voltage significantly. Paul
etal. (2011) reported an increase in the threshold voltage due to the
dispersion of BaTiO;. Further investigations of electro-optical
properties have been carried out (Singh et al., 2014; Podoliak
et al., 2014; Coondoo et al., 2011).

The dispersion of ferroelectric particles can modify the electro-
optic and polarisation effects and shows the potential for display or
electro-optic applications. Yet it appears that the modifications are
strongly dependent on size, shape and production of the ferroelectric
nanoparticles. The effect of liquid crystals doped with inorganic
semiconducting, and ferroelectric nanoparticles are summarised
in Table 3.

6 Biomaterials in liquid crystal

Having discussed the formation of lyotropic liquid crystals from a
range of inorganic materials, it should be pointed out that also other
anisotropic materials exhibit very similar behaviour. Following
Onsager’s description, also anisotropic biological nanostructures can
exhibit lyotropic liquid crystalline behaviour, with cellulose nanocrystals
(CNC) (Dong et al., 1996), Deoxyribonucleic acid (DNA) (Strzelecka
et al., 1988) and the rod-like structure of the Tobacco mosaic virus
(TMV) (Bawden et al., 1936) being the most prominent examples.
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6.1 Tobacco mosaic virus

TMYV is a RNA virus that affects a variety of plants and especially
tobacco plants. The infected leaves exhibit a mosaic-like pattern,
hence the name. The TMV virus has a rod-like structure with a
relatively high aspect ratio, generally approximately 200-300 nm in
length and about 20 nm wide. In 1936, the TMV was first reported to
exhibit liquid crystalline behaviour through X-ray experiments at a
certain concentration (13-23 wt%) (Bawden et al, 1936).
Oldenbourg et al. (1988) investigated TMV’s orientational order,
transitioning from the isotropic to the nematic phases via a biphasic
region for increasing concentration. The liquid crystalline state of
TMVs was experimentally investigated in detail by Fraden et al.
(1993) and the phase diagram was established computationally by
Graf and Lowen (1999) showing also a smectic phase and a colloidal
crystal phase in addition to the nematic, as shown in Figure 15.
Further, the cholesteric phase (Dogic and Fraden, 2000), the smectic
phase (Dogic and Fraden, 1997) and the colloidal crystal phase (Graf
and Lowen, 1999) have also been observed in other virus
suspensions.

6.2 DNA

DNA is the macromolecule that carries the genetic
information of organisms within a double helical structure. As
a macromolecule, DNA can be seen as a nanoparticle with
extremely large aspect ratio, in a sense similar to carbon
nanotubes, nanowires or imogolite, which can all form
lyotropic liquid crystals, only that DNA is a biomaterial. This
was demonstrated in 1988, when Strzelecka et al. (1988) revealed
various liquid crystal phases of DNA at high concentration,
including cholesteric and smectic-like phases. Leforstier and
Livolant (1994) reported that at high concentration DNA
exhibits also a Blue phase.
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TABLE 3 Effect of inorganic semiconducting/ferroelectric nanoparticles on the electric properties of liquid crystal.

Material

Liquid

crystals

ZnO, TiO, NLC (M]J9915) Vi | Chen et al. (2009)
CdSe NLC Vi | Williams et al. (2005)
ZnO FLC (KCFLC 75) | Vy, | Joshi et al. (2010)
CdSe CE8, CE6 BPs range T Karatairi et al. (2010)
ZnO MBBA Vi T, dielectric anisotropy T, elastic constant T, viscosity T | Tripathi et al. (2013b)
MnTiO; 6CHBT Ty T, dielectric anisotropy T, Vi, |, elastic constant | Elkhalgi et al. (2018b)
Sn,P,S¢ NLC (ZLI1-4801) Dielectric response T, order parameter T, dielectric Reznikov et al. (2003), Ouskova et al. (2003), Buchnev et al. (2003),
anisotropy T, dielectric permittivity T, Vi, | Buchnev et al. (2004), Reznikov et al. (2005)
Sn,P,S¢ CLC (ZLI-4801 + | Birefringence T, dielectric anisotropy T Kurochkin et al. (2009)
R811)
BaTiO; MLC-6609 Order parameter T, Ty T, birefringence T, dielectric Li et al. (2006a), Li et al. (2006b)
anisotropy T, elastic constant T
BaTiO; FLC (CS1024) Polarisation T, response time |, dielectric constant | Liang et al. (2010)
BaTiO; 5CB Vi T, elastic constant T at BaTiO; > 1% Al-Zangana et al. (2017b)
TL205, 5CB Vi | Cook et al. (2010), Blach et al. (2010)
5CB Vi T did not change significantly Glushchenko et al. (2006), Klein et al. (2013)
6CHBT Vin T Paul et al. (2011)
Sn,P,Ss, TL205, 18523 Vi |, elastic constant |, dielectric constant T Podoliak et al. (2014)
BaTiO;

ng [mmol/l]

FIGURE 15
Phase diagram of the tobacco mosaic virus. The isotropic (),

nematic (N), and smectic-A phase (Sm) are observed, together with
different colloidal crystal phases (Graf and Lowen, 1999).

6.3 Cellulose nanocrystals (CNCs)

CNCs are nanoscale particles obtained from cellulose fibres. These
cellulose nanocrystals can be dispersed in different solvents, largely
following Onsager’s model. The rod-like CNCs particles with a
relatively high aspect ratio (length 100 pm and width 10 um) enable
to form lyotropic LC in a suitable solvent (Rojas, 2016; George and
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Sabapathi, 2015). Due to the inherent chirality of the CNC particles
dispersed in an aqueous solution exhibit a lyotropic cholesteric (chiral
nematic) phase (Gray, 2016; Gray and Mu, 2015). In the lyotropic phase,
aggregates of the CNCs form a helical superstructure and display a
typical fingerprint texture, where the distance between the dark lines in
the texture is equal to half of the helical pitch, as shown in Figure 16
(Dong et al., 1996) To observe the fingerprint pattern the helix axis is
oriented in the plane of the substrate. On the contrary, if the helix axis is
oriented perpendicular to the substrate plane, the phenomenon of
selective reflection of circularly polarised light is observed, where a
wavelength Ay = <n>P is reflected, with <n> the average refractive index
and P the pitch of the helix. The reflected photonic bandgap A\ = AnP is
related to the birefringence An. In general, with an increasing
concentration of CNCs, the pitch decreases, and the volume fraction
of the anisotropic phase increases (Gray and Mu, 2015; Hirai et al., 2009).
When the solvent in the CNCs suspension evaporates, the dried solid
film can retain the chiral nematic order, and the pitch reduces to the
visible range of the spectrum, indicating the rod-like nanoparticles self-
assemble into a helical array (Revol et al., 1992).

The CNC nanoparticles dispersed in water exhibit the common
phase behaviour as predicted by the Onsager description, starting
from the isotropic phase at low CNC concentration, followed by a
biphasic region, and finally transitioning into a lyotropic liquid
crystalline cholesteric phase (Gray, 2016; Beck-Candanedo et al.,
2005; Lagerwall et al., 2014). CNC nanoparticles are eco-friendly
materials that show promising potential in thin film application,
including variable narrow-range selective reflection (Fernandes
et al, 2017; Saha and Davis, 2018), drug delivery (Schram et al.,
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FIGURE 16
POM image of cellulose suspension exhibit cholesteric LC phase,
showing fingerprint texture (Dong et al., 1996).

2015; Siepmann and Peppas, 2012) and sensors (Islam et al., 2018;
Liu H. et al,, 2019).

Biomaterials in liquid crystal research provide interesting
opportunities for future applications (Zhang Z. et al.,, 2023), such as
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biosensor (Tan et al,, 2010; Yang et al,, 2012; Liao S. et al,, 2012) and
alignment reorientation (Price and Schwartz, 2008; Nakata et al., 2008),
wearable devices (Zhang et al., 2022). Figure 17 shows the mechanism of
a LC-based sensor. The nematic LC is aligned homeotropically at the
solid substrate and planar at the water-LC interface, which leads to
birefringence and the sensor appearing bright between crossed
polarisers (Figure 17B). After introducing external stimulation, for
example by adding surfactant molecules  (L-a-dilauroyl
phosphatidylcholine (L-DLPC)), the alignment of the LC molecules
is changed, and a vesicle-like structure is formed at the water-LC
interface containing the lipid molecules and water. The morphology
difference extends into the LC layer and can easily be observed under
POM with a decreased birefringence, because the formally planar
oriented LC molecules now partially adopt a homeotropic
orientation (Figure 17C). After 2 h of immersion, all LC molecules
adopt a homeotropic orientation and the sensor appears black between
crossed polarisers (Figure 17D).

7 Future scope, outlook and summary

The combination of nanomaterials and liquid crystals provides
several key effects, such as enhanced electro-optical properties,
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(A) Schematic illustration of a LC sensor. (B—D) Optical images and cartoon representations depicting the anchoring of nematic LC 5CB and the state

of the water-5CB interface after injection of dispersion of vesicles formed form 0.1 mM L-DLPC in tris-buffered saline (B) corresponds to the immediate
state, (C, D) represent the conditions at 10—20 min and 2 h, respectively. The optical images transition from a bright domain in (B) to a dark domain in (C)
and finally appear uniformly dark in (D) (Brake et al., 2003).
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phase transition tuning, improved alignment arrangement, self-
organisation, dielectric properties and increased conductivity.
There are potential applications for this combination beyond
displays. Nanocrystals are used in the pharmaceutical industry as
soluble drugs (Deori and Deka, 2013). Lyotropic liquid crystals can
act as surfactant source in nanoparticles synthesis (Smaisim et al.,
2023). The inkjet printing nanoparticle reorient the LC molecules is
used in toxic gas sensor devices (Prévot et al.,, 2020).

Working through the recent literature on nanoparticles dispersed in
liquid crystals, one can identify three major current areas of research, (i)
the tuning of physical properties of the composite materials, often for
electro-optic applications, including photonics and plasmonics; (ii) the
use of nanoparticle dispersed polymer dispersed liquid crystals (PDLC),
polymer stabilised liquid crystals (PSLC) and liquid crystal elastomers
(LCE), often related to Smart Glass and Privacy Windows, and; (iii)
sensor applications based on nanoparticle-dispersed liquid crystals.

In the first category a whole range of physical parameters are tuned,
starting with enhanced birefringence through ferric oxide nanoparticles
from An = 0.185 to 0.2, also due to an increase in order nematic
parameter (Tripathi et al,, 2023). The dielectric anisotropy as well as
conductivity was tuned by concentration varied addition of iron oxide
(Kovalchuk et al, 2022). But also CuO enhanced the dielectric
anisotropy and the relaxation frequency of ionic contamination
(Jaiswal et al, 2023). Of importance for electro-optic switching
processes are obviously the elastic constants and viscosities
(Brouckaert et al., 2022). Thermal stability, dielectric anisotropy and
related electro-optic parameters can be enhanced for example by the
addition of silver nanoparticles (Verma et al., 2024), while layered
perovskite nanoparticles have been used to tune the dielectric
properties, but also memory effects (Varshney et al., 2023a).

The dispersion of carbon and graphene quantum dots enhances
the contrast ratio, birefringence, and order parameter, while the
dielectric anisotropy slightly decreases with addition of the dots and
the conductivity increases (Neha et al., 2023a). The influence of
carbon dots on a large variety of different physical parameters, such
as elasticity, threshold voltage, dielectric behaviour and response
times has been reviewed in detail in (Neha et al., 2023b). An
interesting approach to tune properties has been suggested by the
use of multifunctional nanoparticles, combining chiral, magnetic
and photosensitive properties (Poryvai et al., 2022).

The second category of composite liquid crystalline systems
involves those with nanoparticles and polymers, thus LC-polymer-
nanoparticle multicomponent composites as they are used in
PDLCs, PSCTs and LCEs. Most work done in this direction was
on polymer dispersed liquid crystals, as these represent excellent
candidates for smart windows. Nanoparticles of varying
composition all seem to lead to similar effects on the electro-
optic parameters, when doped into PDLCs. These include a
reduction of threshold voltage, increased contrast, decreased
switching times and an overall lower voltage performance, thus
lower power consumption. This is observed for metal oxides (Malik
and Singh, 2023) and in particular MgO (Zhao et al,, 2022), TiO,
(Wang X. et al,, 2022), AL,O5 (Jia et al., 2022) and CeO, (Jingian
et al, 2022) to name some examples. Co-doped systems with
fluorescent molecules together with nanoparticles were reported
in (Lu et al, 2024). The progress in the field of multicomponent
composites has recently been reviewed in (Gridyakina et al., 2023),
while the thermos-electro-optics and dielectric behaviour showed
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promise for PDLC-based switchable windows (Katariya-Jain
et al.,, 2024).

While most of the work so far has been reported for PDLCs, thus
systems with a relatively high polymer content (~70%), a recent study of
such a multicomponent composite at the low concentration range of
polymer (~3%) has focussed on the properties of PSCTs (Gruzdenko
and Dierking, 2023). For weakly cross-linked polymers, ie., liquid
crystal elastomers (LCEs) an enhanced mechanosensitivity has
recently been reported for nanoparticle-dispersed systems (Sun et al,
2022). The properties and applications of LCEs doped with metallic and
magnetic nanoparticles as well as carbon allotropes, has been reviewed
in (Wang Y. et al,, 2022).

The field of sensor applications on the basis of liquid crystals in
general currently experiences a great interest within the soft matter
community. A number of such sensors are based on photonic band
gap materials, such as the cholesteric phase, which has long been
used for temperature measurements. The performance of these
temperature sensors can be improved through composite
materials such as LC-Fe203 nanoparticle materials (Miao et al.,
2022). The use of magnetic nanoparticles in doped photonic fibre
sensors (Zhang R. et al,, 2023) allows the detection of voltages,
temperatures and magnetic fields. Yet many other sensors have been
realised, stress and strain sensors, chirality sensors, morphology
sensors, or gas sensors, as reviewed in (Leal-Junior et al., 2023).

Nevertheless, the main impact can be seen in the area of
biosensors and healthcare sensors for example for DNA, bacterial
infections, or cancer cells (Leal-Junior et al., 2023). Specific sensors
for glucose (Kim et al., 2013), cholesterol (Tyagi et al., 2014), heavy
metals (Du et al,, 2021), or enzymes (Ping et al., 2021) have been
developed on the basis of liquid crystal phases. Recently, an ultra-
sensitive DNAzyme-based (DNA enzyme, catalytic DNA) sensor
was developed with Au nanoparticles for signal amplification (Wang
Z. et al, 2022). Similarly, also based on Au nanoparticle signal
amplification, a biosensor for the detection of human chorionic
gonadotropin (HCG antigen) has been suggested, which is of
importance for early pregnancy testing (Wang et al, 2024). A
review of the principles, realisation and applications of liquid
crystal based biosensors has recently been provided by Wang
et al. (Wang H. et al., 2022).

Currently, the three discussed areas above seem to be the main
fields of research in the investigations of liquid crystal - nanoparticle
hybrid materials. This is not to say that there are not any further
fields of interest, for example photonics where the alignment of
liquid crystals may be controlled via indium tin oxide (ITO)
nanoparticles (Varshney et al., 2023b; Varshney et al, 2023c).
The whole area of flexible photonic films on the basis of
lyotropic cholesteric cellulose nanocrystals is still being evaluated
also with respect to sensors (Saraiva et al., 2024) and the possibility
of inkjet printing CNC lyotropics into photonic patterns does of
course has its appeal (Williams et al., 2024). Also plasmonic devices,
especially with gold or silver nanoparticles in liquid crystals
(Yakovkin and Reshetnyak, 2023) will continue to find their
interest in the future. The applicability of the discussed systems
in nanotechnology is surely not fully exhausted by the possibilities of
nanoparticle synthesis in liquid crystals and subsequent self-
assembly (Smaisim et al., 2023), as can be seen in the collective
ordering of magnetic nanoparticles (Dierking et al., 2017; Mertelj
and Lisjak, 2017; Lackova et al., 2024).

frontiersin.org


https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://doi.org/10.3389/frsfm.2024.1518796

Chen and Dierking

In this review, we provided an overview of nanomaterials in
thermotropic and lyotropic liquid crystals. We summarised the
dispersion of various kinds of nanomaterials including metal
nanoparticles, carbon allotropies,

inorganic  nanoparticles,

ferroelectric and semiconducting nanoparticles with liquid
crystals. The interaction between these nanoparticles and liquid
crystals leads to changes in optical and electrical properties, thermal
stability and alignment control, among other properties. The specific
properties induced by the nanoparticles have been discussed in term
of size, concentration and shape. Additionally, we introduced
various anisotropic nanoparticles that can self-assemble into
lyotropic liquid crystalline phases, such as nanorods, nanowires,
nanotubes and nanoplates. Last but not least, some biological
nanomaterials like TMV, DNA and CNC were introduced which
can also form lyotropic liquid crystals. The integration of
nanomaterial and liquid crystals is a growing and progressing
research area, leading to the development of novel applications in

various fields.
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