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Abstract

Chiralmolecules play an important role in awide range frombiological structures of plants
and animals to chemical systems and liquid crystal display technologies. These molecules
were used in different research fields due to their opaqueness and iridescent colors changes
as a function of the variation in temperature after their discovery by Lehman in 1889. The
iridescent colors and different optical textures of cholesterol make it attractive for the new
study field of cholesteric liquid crystals. The direction of the cholesteric liquid crystals
generates a periodic helical structure depending on the chirality of molecules. This helical
structure might be right or left handed configuration and it is very sensitive to the external
conditions, such as chiral dopant concentration and temperature. The variation in a helical
structure, which was induced by these external conditions, had a great attraction for the
scientistsworking on the chirality in liquid crystals and their applications. This chapterwill
provide a general introduction not only about the chirality in nature and its application in
liquid crystals, especially in blue phases but also about the trends in the stabilization of blue
phases and the investigation of their electro-optical properties for advanced applications in
display, photonic devices.

Keywords: chiral molecule, chirality, cholesteric liquid crystal, blue phase liquid crystal,
Bragg reflection, polymer stabilization

1. Introduction

Chiral molecules play an important role in a wide range from biological structures of plants

and animals to chemical systems and liquid crystal display technologies. The chiral molecules

as liquid crystals in the form of cholesterol in the biological substances were discovered by the

biologist Friedel in 1922 [1, 2]. After cholesterol was extracted from plants, cholesteryl esters

were obtained by treating cholesterol with fatty acids and Reinitzer observed that cholesterol

has two different melting points during heating from the crystalline phase or upon cooling

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



from the isotropic liquid [3]. The cholesteryl esters were examined with the help of a polarizing

optical microscope by chemist Reinitzer in 1888 [3], biologists Planer in 1861 [4] and physicist

Lehman in 1889 [5] and they noticed that these esters showed an opaqueness and iridescent

colors with the changes in temperature. Therefore, the structure and optical behavior of

cholesterol were explained with the contribution of biologist, physicist, chemist and the irides-

cent colors and different optical textures of cholesterol make it attractive for the new study

field of cholesteric liquid crystals. The cholesteric liquid crystals are generally derivatives of the

cholesterol which exhibit in organic compounds of elongated molecules (like nematic liquid

crystal) without mirror symmetry [6–8]. They can be formed using pure chiral compounds or

the mixture of the chiral and achiral compounds [9–13]. The direction of the cholesteric liquid

crystals generates a periodic helical structure depending on the chirality of molecules. This

helical structure might be right or left handed configuration and it is very sensitive to the

external conditions, such as chiral dopant concentration and temperature [14]. The variation in

a helical structure, which was induced by these external conditions, had a great attraction for

the scientists working on the chirality in liquid crystals and their applications.

Moreover, recent studies showed that the reduction of the pitch of the helical structure of the

cholesteric liquid crystal by adding chiral dopants generates different phases, such as blue phase

[15, 16]. Blue phases are mesophases with double-twisted cylinders of cholesteric liquid crystals

and they come into existence in a self-organized three-dimensional (3D) structures in the narrow

temperature range between the cholesteric and isotropic phases [3–17]. Recent studies showed

the trends in the stabilization of blue phase in order to expand its narrow temperature range

using different stabilizationmethods, such as photopolymerization [18–22], nanoparticles doping

[23–27], polymer-modified carbon nanotubes (CNTs) [28, 29]. Specifically, the temperature range

of blue phase was broadened up to 60 K by using a polymerized polymer network, called as the

polymer-stabilized blue phase (PSBP) [18] whereas blue phase was stabilized over a range of

about 50�C by using a mixture nematic bimesogenic liquid crystals [30]. Furthermore, blue phase

has some advantageous in the display applications due to its outstanding electro-optical proper-

ties. Blue phases have field-induced birefringence (Kerr effect) and their response time is in the

level of submillisecond. Additionally, blue phases do not need any surface modification which

leads simplicity in the fabrication process and they have wide and symmetric viewing angle.

This chapter will be focused on the stabilization and electro-optical properties of blue phases and

their potentials for advanced applications in display as well as photonic devices [18–22, 31, 32].

The chapter concludes with the studies related to the recent novel studies on the encapsulation of

blue phases [33], the stabilization of the encapsulated blue phases [34] and polymerization-

induced polymer-stabilized blue phase [35–37].

2. Cholesteric liquid crystals

2.1. Chirality

The word of chirality originates from Greek as a meaning of hand and chirality was discovered

by Lord Kelvin in 1894 [38]. It was described as a property of a molecule that cannot be
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superimposed over its own mirror image. The main feature that gives rise to chirality at a

molecular scale is the presence of an asymmetric ally handed carbon atom. A chiral molecule

typically has a carbon atom in the center of the molecule surrounded by four different

substituents and these molecules cannot be transformed into their mirror image by rotations

[39–41]. Moreover, all these different groups are not in the same plane, although the positions

of these groups form the corners of a tetrahedron with a central carbon atom (Figure 1). The

configuration of these molecules can be classified into two different group, such as ‘R’(for Latin

rectus, right) or ‘S’(for Latin sinister, left). In that case, handedness can be defined as right hand

or left hand for a chiral molecule [42]. In order to define handedness of the molecule, the four

groups are arranged in a priority list. Groups with the higher atomic number take precedence

of the groups of lower atomic number. Each chiral center is labeled as R or S related to the

priority of the substituents of the molecule based on their atomic numbers. To determine the

handedness of the molecule, first the chiral center is determined according to the lowest

priority of the four substituents. If the priority of the other three substituents decreases in

clockwise direction, it is called R (right handed), if it decreases in counterclockwise direction,

it is called S (left handed). Table 1 summarizes a list for the enantiomers of chiral materials.

Moreover, an enantiomer can be named by its ability to rotate the plane of plane-polarized

light (+/�). The enantiomer is labeled (+), if it rotates light in a clockwise direction. If it rotates

the light counterclockwise direction, it is labeled as (�). Liquid crystals may have multiple

chiral centers with handedness and configuration. Moreover, the chirality of atoms can be

detected by optical experiments [43], which shows that the broken mirror symmetry in stable

atoms as a function of absorption of light.

Chiral molecules may give rise to an intrinsic helical structure of the director in liquid crystals

inducing chirality [44–49]. The liquid crystal state is a mesophase between solid and liquid

which is characterized by the alignment of rod-like molecules which has two aromatic rings

Figure 1. Simulation of a chiral molecule which cannot be superimposed with its mirror image [53].
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Name of an enantiomer Chemical structure of an enantiomer Properties of enantiomers

(R) Limonene Orange smell

(S) Limonene Lemon smell

(S) Asparagine Sweet taste

(R) Asparagine Bitter taste

Pseudoephedrine Active ingredients in over-the-counter nasal

decongestants

(S) Carvone Caraway flavor

(R) Carvone Spearmint flavor
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with the aliphatic chains. These rod-like shaped molecules are usually formed liquid crystal

materials by aligning along a certain direction and this certain direction forms a helical struc-

ture with the addition of chiral molecules. In that case, the liquid crystal phase is called chiral

nematic (cholesteric) phase which is one of the several additional phases in the temperature

range between the crystalline and the isotropic liquid state (Figure 2). Moreover, chirality can

be induced in smectic and columnar phases which are a quasi-long range positional order in

less than three dimensions. In contrast to thermotropic liquid crystals, chiral columnar liquid

crystals are formed by amphiphilic molecules in lyotropic liquid crystals. However, these

amphiphilic molecules can be arranged in an anisotropic structure as in thermotropic liquid

crystals, when the concentration of these molecules in a solvent is enough. Recently, Takezoe

et al. induced a molecular chirality in the bent-core molecules which do not have molecular

handednesses. They successfully induced a chirality in these achiral molecules based on the

packing of the bent-core molecules [15, 17].

Name of an enantiomer Chemical structure of an enantiomer Properties of enantiomers

(S) Ibuprofen The over-the-counter painkiller

(R) Thalidomid Sedative and antinausea

(S) Thalidomid Teratogen

Cloramphenicol It is an antibiotic and it works to treat serious

infections induced by certain bacteria

Levomethamphetamine Active ingredients in over-the-counter nasal

decongestants

Table 1. Enantiomers and their properties.
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2.2. Cholesteric liquid crystals

The cholesteric phase is a mesophase which exhibits between the smectic and isotropic phases

in thermotropic liquid crystals. Chiral nematic liquid crystals are a type of liquid crystal which

has a helical structure based on the molecular chirality of its components (Figure 3). This phase

can be formed using the chiral dopants in an achiral nematic forms new chiral materials with

specific helical pitches (Figure 4) [50–52].

Cholesteric liquid crystals arrange within layer without any positional ordering in the layer

whereas the director axis rotates with the layers as shown in Figure 5. The rotation of the director

axis is periodic and its full rotation of 360� is called the pitch, p. The value of the pitch may

change as a function of enantiomeric excess in an ideal mixture containing chiral and racemic.

Figure 2. Phase sequence in thermotropic liquid crystals.

Figure 3. Simulation of formation of the helical structure of a chiral nematic (cholesteric) phase.
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Pitch plays an important role in the reflection of thewavelength of the incident light, as a result of

the periodic structure of cholesteric liquid crystals [53]. Cholesteric liquid crystals have the ability

to reflect a handedness of circularly polarized light when the pitch has the same wavelength of

visible light [53]. The light will be circularly reflected if it is the same handedness as that of the

cholesteric liquid crystal, whereas it will be circularly transmitted with opposite handedness as

that of the cholesteric liquid crystal [44]. This selective reflection of circularly polarized light

exhibits an iridescent color depending on the angular deviation. This property of selective

refraction may practically be used in the application of liquid crystals, such as thermometers,

polarizing mirrors, refractive electro-optic displays and optical storage [53–58].

Furthermore, chirality in liquid crystals can be described related to inverse of the pitch of the

material and a shorter helical pitch has a higher chirality. The normalized reciprocal of the

pitch (p�1) is described as the helical twisting power (HTP) of a molecule and it can be defined

as the chiral dopant’s ability to induce helicity in the molecule [17].

HTP ¼ 1=c ∗ p (1)

where p is helical pitch in microns and c is concentration of chiral dopant in the cholesteric

liquid crystal mixture.

Figure 4. Formation of helical chiral nematic phase using chiral dopant.

Figure 5. An illustration of cholesteric liquid crystal with a pitch p. Pitch plays an important role in the reflection of the

wavelength of the incident light, as a result of the periodic structure of cholesteric liquid crystals [53].
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However, qo is the pitch in the ground state given by Eq. (2) and it is induced in nematic liquid

crystal where there are long-range distortions

qo ¼ 2π=p (2)

and the pitch introduces in a scalar quantity of the free energy of cholesteric phases [44]:

F ¼
1

2
K11 ∇:nð Þ2 þ K22 n:∇xnþ qo

� �2
þ K33 nx∇xnð Þ2

h i

(3)

where n is the director, K11 is splay elastic constant, K22 twist elastic constant and K33 is bend

elastic constant. When the chirality of a material is high enough, in other words the pitch of the

molecule is around 100 nm, another phase becomes energetically favorable, which is called

blue phase with self-organized three-dimensional double twist structure [17].

3. Blue phases

Blue phases were first observed in 1888 by Reinitzer who noticed a brief hazy blue color that

exhibited in the narrow temperature range between the chiral nematic (cholesteric) and the

isotropic phases [17]. Blue phases are locally isotropic fluids. Moreover, the molecules are self-

organized and complex three-dimensional (3D) structures and characterized by crystallo-

graphic space group symmetry in this kind of liquid crystal phase. The blue phases are

generated by double-twisted cylinders separated by defect lines (Figure 6). Effectively, blue

phase is classified by the network of the defect line and three network states are known as BPI,

II and III as a function of increasing temperature. The Bravais lattice is body-centered and

simple cubic for BPI and BPII, respectively, as shown in Figure 7 [59]. The BPI and BPII have

soft, frequently coagulating platelet-small domains in a size of micrometer to submillimeter.

The lattice constant which is around 100 nm depends on the radius of double-twisted helix and

photonic band. This constant is mostly in the blue wavelength range and has the same order of

magnitude as the cholesteric pitch. Additionally, the BPIII is called ‘blue fog’ since it has a

cloudy and an amorphous appearance.

Moreover, Bragg scattering of BP which is the characteristics of the selective reflections of BPs

have been comprehensively investigated since 1980 [59, 60]. Because of the exhibition of the BPs

in a narrow temperature range, studies on BPs have been a challenge to the experimentalists

Figure 6. The simulation of a double twist cylinder structure of blue phase.
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[61, 62]. Recently, it became possible to observe BPs in wide temperature range via the stabiliza-

tion method. The thermodynamic stability of BPs which were composed of chiral nematic liquid

crystal with a low chirality have been predicted using Landau theory [63] and it was proved that

the instability of cholesteric phase increases at the temperature near the transition point

depending on the increment in the planar helix structure. Alternatively, the temperature of the

blue phase liquid crystal can be determined by the help of Meiboom’s defect model depending

on the Oseen-Frank elasticity equation [64]. The presence of the defect lines is essential for entity

of the lattice structure in blue phase liquid crystals and the energy cost of the defects should be

low enough to stabilize the entire phase for narrow range temperatures. Moreover, the free

energy per unit length for the disclination line in BPs can be described as in Eq. (4):

Fdiscl ¼ Fcore þ FintFsurf þ Fel, (4)

where Fdiscl is the total free energy per unit length of the disclination, Fel is the elastic energy

related the defect, Fsurf is the free energy at the disclination surface and Fint is the energy

related to melting of area to the isotropic core. For blue phase double-twist cylinder lattices,

the free energy calculations of Meiboom et al. comprise Fcore as the only temperature-

dependent term:

Fcore ¼ α Tiso � Tð Þ πRo
2 (5)

where Tiso is the isotropic transition temperature, Ro is the defect core radius size and the

difference in free energies of the isotropic and ordered phases at temperature T is represented

by α(Tiso�T).

The surface energy at the interface between core and cholesteric is characterized by a surface

tension, σ (Eq. (6));

Finterface ¼ 2σπRo (6)

Fsurf can be turned into a surface integral and it is negligible and ignored, since surface terms

do not scale competitively with the bulk terms. In that case the interior surface of the

Figure 7. Blue phase structures in (a) BPI and (b) BPII.
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disclination must be taken into consideration and the solution covers the energy per unit

length of the disclination line (Eq. (7)):

Fsurf ¼ �π K22 þ K24ð Þ ¼ �πK (7)

Fel is the elastic energy where K is the elastic constant and Rmax is the radius of the double twist

cylinder and Ro is the defect core radius.

Fel ¼
1

4
πKln

Rmax

Ro

� �

(8)

According to Eq. (8), one parameter in this equation must minimize the energy of cost of the

disclination line in BPs to expand the BP temperature range. It is expected to move the

isotropic particles, such as nanoparticles or monomers, towards isotropic areas of liquid

crystals in order to minimize the core energy. The addition of these nanoparticles into an

isotropic phase of sample and cooling to the BP give rise to an aggregation of these

nanoparticles in the defect lines. These nanoparticles will interrupt any inclination towards

orientational order inside the core when temperatures decreased into the blue phase. However,

the surface energy at the interface between core and cholesteric was assumed zero during the

energy minimization of the system [53].

3.1. Stabilization of blue phases

Blue phase liquid crystals have a great potential for various applications due to their electro-

optical properties, such as fast response time, wide and symmetric viewing angle and lack of

requirement of any surface alignment layer. However, BPs have limited usage in the practical

applications because of their narrow temperature range [18, 65, 66]. Recently, two indepen-

dently reported methods to expand the BP temperature range have a great attraction to blue

phase materials, which have become a hot topic of comprehensive research in exploiting

applications in new optics, photonics and information displays based on the outstanding

electro-optical properties of BPLCs. The first reported approach uses a tiny amount of mono-

mer for polymerization and it has been reported polymer stabilization which helps to expand

the BP temperature range to more than 60 K including room temperature with an ultrafast

response time [18]. Kikuchi et al. [67–69] developed a technique to extent the BP temperature

range with a polymerized polymer network, denoted as the polymer-stabilized blue phase

(PSBP). The synchrotron small angle X-ray scattering measurements exhibited that polymers

are selectively concentrated in the disclination cores and a remarkably unique accumulation

structure in the PSBP [70]. This result evidently conforms the mechanism of the stabilizing

effect of BPI originating from the immobilization of the disclination in the blue phase by

polymers. The first method proposed that the polymer network which is concentrated not only

in the isotropic defect core but also in the disclination core of BP causes an increment in the

temperature range of BP. Therefore, cross-linked network of the polymer which was produced

by the process of in-situ polymerization blocked the molecular reorientation of liquid crystal

directors [18]. The latter approach reported the usage of the nematic bimesogenic liquid crystal

mixtures to stabilize the defect structures in the blue phase. This method provided a
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successfully polymerization of BPs in a wide temperature range [71] which is more than 50�C

[30]. Recently, Coles’ group reported a study about the stabilization benefitted from the

flexoelectric coupling between polar order and curvature of the director. Unfortunately, the

report does not address the question of whether BPI appears at 16.5�C on heating from the

smectic phase. Therefore, thermodynamic stability of BPI were not clearly indicated [53, 72, 73].

Alternatively, Yoshizawa et al. [74] successfully manage to extent the temperature range of the

BPs more than 10�C using chiral T-shaped compounds. Yelamaggad et al. [75] were able to

stabilize the BP more than 20�C using chemically linked bent core molecules.

Wang et al. [76] both introduced BPs in a wide temperature range using ZnS nanoparticles and

showed the stability of the cubic structures against the electrical field. Recent studies on BPs with

an broadened temperature range make them more attractive for applications because of some

specific electro-optical (E-O) properties of BPs, such as fast response time [31], wide viewing

angle and also any surface treatments are not necessary for the BPs. Moreover, Kemiklioglu et al.

stabilized the cholesteric blue phases using polymerizable silicon-based nanoparticles to expand

the temperature range of BPS. They showed that these polymerizable nanoparticles help to

modify the interfacial properties of disclination cores broadening the blue phase temperature

range and also the polymer concentration plays an important role in the thermodynamic stability

of modulated liquid crystal blue phases. They also reported inorganic polymer leads to signifi-

cant reduction in the switching voltage from about 140 to 40 V in corresponding device as a

result of the low surface energy property of the inorganic polymers [72, 73, 77, 20].

3.2. Carbon nanotubes doping for the stabilization of blue phases

Nanoparticles [63, 64, 30, 72, 73] and polymer-modified carbon nanotubes (CNTs) [67] are

emerging as new classes of nanoscaled materials and have become the subjects of extensive

research because of their potential in improving the mechanical, electrical and thermal features

of composite materials. Recently, with new approaches, such as doping MgO [68], ZnS [69] and

CNTs into LCs, it has been possible to overcome the limitations of the transition temperature

range and physical properties of LCs [53].

Carbon nanotubes are not only anisotropic but also metallic or semiconducting nanoparticles

based on the diameter and helicity of the carbon rings [78]. Moreover, they categorized into

two different morphologies namely, single-wall carbon nanotubes (SWCNTs) and multi-wall

carbon nanotubes (MWCNTs). Moreover, the typical length of SWCNT which changes from

submicron to microns is an important parameter for the determination of tensile strength of

SWCNTs since they show exceptional tensile strength depending on their high aspect ratio and

rigidity. In addition, the diameter in the range from 0.5 to 2 nm leads a high aspect ratio of

tubes [53, 79]. Besides, MWCNTs show the similar electronic behaviors with those of SWCNTs

due to weak coupling between cylinders of them.

Carbon nanotubes have became an important research topic for the liquid crystal scientists

after their discovery by Iijima in 1991 [80] because of the extraordinary electrical properties

and strong interactions of the CNTs with the mesogenic units of liquid crystals [81]. Recently,

different groups have reported studies on the alignment and characterization of CNTs in
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nematic liquid crystals [82–86] as well as on the dielectric [87–89] and electro-optical properties

[90, 91] of CNTs [93]. Different textures of CNTs were observed when the nematic LC droplets

were embedded in a polymer matrix medium [53, 80, 92]. However, carbon nanotubes have

been studied in blue phase liquid crystals to expand the temperature range of the blue phases

depending on thermal stability of carbon nanotubes. Another group studied CNT-doped

polymer-stabilized blue phase (PSBP) LC. The CNT-doped PSBP mixtures exhibit a good

thermal stability in a wide BP temperature range which is more than 40�C. They reported that

BP temperature range and electro-optical properties, such as Kerr constant, switching voltages

and response times of the PSBP LCs were able to improved when a mixture of monomer and

BPLCs doped with CNT [93].

Moreover, the electro-optical behaviors of liquid crystals were studied as a function of the

addition of carbon nanotubes. Several liquid crystal textures were observed in the CNT-doped

liquid crystal mixture based on the field-induced movement of CNTs inside nematic liquid

crystal by applying a high electric field [94–96]. Furthermore, it has also been demonstrated

that the rising time of CNT-doped nematic liquid crystals leads a decrement in the threshold

voltage both of the twisted nematic and in-plane switching cells with the dispersion of a very

small concentration of CNT dopant [90, 91, 97, 98]. The addition of CNTs in the optical

controlled birefringence cells lead to a fast response time due to the increment in anchoring

energy of the alignment layer by CNT doping [53, 99].

3.3. Polymer stabilization of blue phases

Although BPLCs have the potential for various applications because of their electro-optical

properties, such as fast response time, wide and symmetric viewing angle, the narrow temper-

ature range of BPs is still one of the main limitations for their practical applications [18, 65, 66].

Therefore, stabilization of blue phase (PSBP) liquid crystals via polymerization have been

studied commonly for two decades [18, 19, 32, 100–105] because of their great potential for

use in display devices or as an optical modulator.

Recently, many studies on the increment in the BP temperature range via polymer stabilization

methods have drawn attention to blue phase materials, which have thereafter become a subject

of extensive research in exploiting applications in new optics, photonics and information dis-

plays because of the outstanding electro-optical properties of BPLCs [53]. One of these studies

include a method which uses a small amount of polymer for polymerization that is phase-

separated to the defects of the blue phase based on the concept of the polymer-stabilized liquid

crystal the orientation of liquid crystal directors can be stabilized by a crosslinked network

dispersed in a liquid crystal [18]. Moreover, the polymer network plays a fundamental role in the

increment of temperature range, causing the thermodynamic stabilization of BP [18, 19, 32, 100].

Furthermore, another study explored that the stabilization of cholesteric blue phases using

polymerizable silicon-based nanoparticles to modify the interfacial properties of disclination

cores and broaden the blue phase temperature range. This study showed that the polymer

concentration has an important effect on the thermodynamic stability behaviors of modulated

liquid crystal blue phases. There was a significant reduction in the switching voltage of the

device as a result of the low surface energy property of the inorganic polymer used in the
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experiments. This low surface energy leads a significant decrement in the switching voltage

from 140 to 40 V [19, 20, 72, 73]. The significant reduction in the switching voltage andwidening

of blue phase temperature range are useful for new electro-optical applications [22, 53]. Besides,

Coles et al. reported that they managed to expand the blue phase temperature range to over

50�C by using the nematic bimesogenic liquid crystal mixtures to stabilize the defect structures

of the blue phase [30]. However, a three-dimensional polymer network is formed by the reaction

of benzoyl radicals with the double bonds of the diacrylate monomer through a chain reaction

[53, 101]. Furthermore, molecularmobility of the network polymers obtained in the PSBP affects

the stability of PSBP [53, 102]. Additionally, the electro-optic properties can be improved due to

the variation of the flexibility of the molecule, the length of the rigid core and the polymerizable

functional group of reactive monomer [53, 103]. All these studies showed that either thermally

polymerizable [101] or photopolymerizable [18, 19, 32, 100–105] monomers can be used in the

polymer stabilization of BP liquid crystals and PSBP liquid crystals have some advantages

[31, 104–111]. PSBP liquid crystals become an attractive material as a next generation display

technology [109–111] since, these materials have submillisecond response time, andwide view-

ing angle and also they do not need any surface alignment [53]. On the other hand, high

operating voltage, and a low-contrast ratio due to residual birefringence and hysteresis [107,

108] are some disadvantages of PSBP liquid crystals which limits the wide-spread applications

of them. There are two common approaches in order to overcome the issue of high operating

voltage, there are two common approaches. One of these approaches is using a small electrode

gap to produce a strong electric field [53, 110, 111]. The second approach is electric-field-

induced birefringence known as the Kerr effect [53, 71]. Kerr effect is an electro-optical behavior

of blue phases. Blue phase liquid crystals not have birefringence in the absence of the electric

field and Kerr effect can be explained as the induced birefringence occurrence in the presence of

the electrical field. PSBP liquid crystal with large Kerr constant was reported by Kikuchi et al.

[107] andWu et al. [111, 112–114]. Kerr effect can be calculated using Eq. (9)

Δn Eð Þ ¼ λKE
2 (9)

where K is the Kerr constant, λ is the probe wavelength, and E (= V/l, where V is the applied

voltage and l is the distance between electrodes) is the applied electric field. Induced birefrin-

gence is linearly proportional to E2, where E is the electric field and this linear relationship is

valid only in the low field region [53, 111, 112].

3.4. Polymer dispersion of blue phases

Polymer-dispersed liquid crystals (PDLCs) have become the topic of considerable interest

during the last decades, because of their potential applications such a smart windows, flexible

displays, projection displays and holographic gratings [115–119]. The PDLC films have been

widely studied as a candidate for the large area display because of the simplification of the

preparation process and because their light transmittance is higher than conventional LCs in

the absence of polarizer by the reason of their light scattering nature [120–126]. PDLC films are

a mixed phase of micron-sized liquid crystal droplets, which are randomly dispersed inside a

polymer matrix [127]. In general, the polymer weight concentration is between 30 and 60%
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[127]. However, it was known four different methods for the fabrication of PDLCs. The first

one of these four methods is encapsulation (emulsification) which includes the liquid crystal

inside an aqueous solution of film-forming polymer. The second one is called the solvent-

induced phase separation (SIPS) which is used to dissolve the liquid crystal and thermoplastic

polymer and forms a single phase by evaporating the solvent at a certain rate. The third

method is known as thermally induced phase separation (TIPS) which includes the heating of

the liquid crystal and thermoplastic polymer to obtain a single phase. After heating procedure,

the liquid crystal phase separates into droplets with the cooling of mixture at a controlled rate.

The fourth method is polymerization-induced phase separation (PIPS). This method contains

the liquid crystal that is dissolved into the monomer [93] and uses ultraviolet radiation to

initiate the free radical polymerization of monomers [127]. One of the main advantages of this

method is the possibility to form a composite directly between two glass substrates coated

with indium-tin-oxide (ITO) without any requirement of laminating procedure. The above

methods produce a wide size distribution of liquid crystal domain size [127]. PDLCs are

operated based on the micron-sized LC droplet dispersion inside the polymer matrix and the

scattering performance of the PDLC film is determined by the LC droplet size. The operation

principle of the PDLC films—electrically switchable between light scattering and transparent

states or vice versa depends on the refractive indices matching between guest and host mate-

rials [128, 129]. The PDLC films normally seems milky since the randomly orientation of LC

molecules inside the droplets causes a scattered light at zero voltage. As a function of an

applying a voltage across the PDLC film, the LC directors align in the direction parallel to the

applied field. Due to matching in indices of refraction between polymer and liquid crystal

molecules under the electric field, PDLC film becomes transparent at normal viewing direc-

tion. Additionally, H-PDLC, which is the another type of PDLC, includes liquid crystal drop-

lets smaller than that of PDLC [130] and they are staged in varying planes in accordance with

the polymer. There are twomodes of H-PDLCs, which are called transmissive and reflective. In

the transmissive mode, diffraction occurs by an applying voltage and light is reflected in the

absence of electric field. In the reflective mode, light is reflected in the absence of electric field,

with the applying voltage it transmits through the display.

Polymer-dispersed liquid crystals (PDLCs) which are a class of important electro-optical (E-O)

materials comprise of dispersions of micron-sized LC droplets inside a polymer matrix which

were discovered by Fergason [127, 130]. The PDLC films were fabricated by using different

methods, such as solvent evaporation, thermal induction or polymerization-induced phase

separation [131]. The first method used in the preparation of PDLC films is the encapsulation

(emulsification) of the liquid crystal inside an aqueous solution of film-forming polymer [130].

After water evaporated at a certain rate to induce phase separation, the film is laminated

between two conductive electrode coated substrates. The second method which is called the

solvent-induced phase separation (SIPS) includes solvent which is used to dissolve the liquid

crystal and thermoplastic polymer and create a single phase. The certain solvent evaporation

rate induces the phase separation. The third method is the thermally induced phase separation

(TIPS). This method uses liquid crystal and thermoplastic polymer. These two phases are

heated to obtain a melting and then mixed to form a single phase. Liquid crystal phase

separates into droplets with cooling of the mixture at a controlled rate. The fourth method is
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known as polymerization-induced phase separation (PIPS) containing the liquid crystal,

monomer and a small amount of catalyst. After exposing the prepolymer mixture to an

external stimulus, for example, light or heat, the monomer gels into a polymer matrix and

liquid crystal phase separates into droplets.

The operation principle of the PDLC films based on the electrical switching between light

scattering and transparent states due to index matching between guest and host materials

[115, 132, 127]. The PDLC films normally appear milky and scatter incident ambient light

because the LC molecules orient randomly inside of the droplets in the absence of voltage.

With the applying a voltage across the PDLC film, the LC directors align in the direction

parallel to the applied field. As a result of index matching between polymer and LC molecules

in the presence of the electric field, the PDLC film becomes transparent when viewed along the

normal direction. These PDLC films have significant advantages for electro-optical device

applications, since PDLCs do not require any polarizers also PDLCs have the property of high

light transmittance [127]. A number of reports have appeared recently suggested application

areas for PDLCs ranging from switchable light modulators [71, 133], smart windows [127],

information displays [134] and holographically formed optical elements and devices [127–135].

The electro-optic properties of PDLC devices, such as displays and smart windows can be

improved by using BPLCs. The polymer dispersed or encapsulated blue phase liquid crystal

films have many advantages when compared to that of polymer dispersed or encapsulated

nematic liquid crystals [33–35, 53]. One of these advantages of BPLCs is field-induced birefrin-

gence due to their submillisecond response time, which is at least one order of magnitude

faster than the present nematic LC-based displays [53]. BPLCs do not require any surface

alignment layer; thus, the device fabrication process is greatly simplified [53]. Another signif-

icant advantage of BPLCs is their wide and symmetric viewing angle due to the fact that their

‘voltage off’ state is optically isotropic and the ‘voltage on’ state forms multidomain structures

[53, 108, 109]. Moreover, BPLC can be a substantial candidate for polymer encapsulated LC

films due to their fast switching properties [53]. Due to all these advantages of BPLCs, polymer

encapsulated blue phase liquid crystal films are a strong candidate for the next generation of

displays and spatial light modulators due to their optical properties [22, 31, 32] and also these

films have potential for advanced applications in displays and photonic devices [53].

3.5. Polymer encapsulated blue phase liquid crystals

Encapsulation is one of the major methods used in the fabrication of PDLC films [53]. This

method includes emulsion-based PDLC films which are formed of small liquid crystal droplets

inside the aqueous solution of water soluble polymer [136, 137] or a colloidal suspension of a

water insoluble polymer [130, 138]. Moreover, the energy is required to form the encapsulated

droplets. This required energy which generally arises from the chemical potential of compo-

nents or from mechanical devices break-up the droplets. The emulsion system is obtained by

high shear; for example, by ultrasonication or high-pressure homogenizers and the rate of

solidification and polymer solubility play a role in the yield. Microspheres formed by rapid

solidification of the polymer may give a higher yield due to encapsulation of some of the

soluble fractions in the matrix [53, 140, 141]. Besides, the emulsion is coated on a conductive
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substrate before allowing the water to evaporate to produce thin polymer films containing

liquid crystal droplets dispersed in a matrix. Evaporation process is one of the key factors for

the droplet shape deformation which affects the alignment of LC inside the film cavities, which

has a significant effect on the physical properties of PDLC films. Droplets become spherical or

oblate in the polymer film [71, 120, 127, 132–145] depending on the evaporation process.

However, the size distribution of the liquid crystal droplets in the emulsion can be modified

by the preparation process and materials used to produce the emulsion, for example, the

stirring time and speed, viscosities of polymer and liquid crystal. With increase in time of

mixing in an ultrasonic cleaner, the droplet size of emulsion decreases [53, 146]. Moreover,

surfactant type and concentration are the other key factors which affect the size, stability, and

polydispersity of the droplets. The droplet size and polydispersity index decreased with

increase in surfactant concentration [53]. The size and size distribution of encapsulated LC

droplets can have a significant effect on the electro-optical properties of the films. Large area

applicability of the emulsion system enhances the range of useful applications of PDLCs, ranging

from switchable light modulators [71, 133], smartWindows [127] and information displays [134],

as well as holographically formed optical elements and devices [135, 137, 142–144]. In PDLC

systems, LC droplets are dispersed in a polymer film and these LCs can be oriented in the

polymer droplets leading a switching from scattering to transparent states or vice versa with an

applying electric field. There is a mismatching of refractive indices in the field-off state and these

refractive indices of LC and the polymer match in the field-on state [53, 115, 127, 132–134, 146].

This phenomenon gives the electro-optical performance of the corresponding device. This

electro-optical performance of displays and smart windows can be improved by replacing the

nematic LCs with BPLCs, and the dispersed or encapsulated BPLCs leads a development in the

original optical and E-O properties with an external electical field [53].

A recent study has appeared recently demonstrating polymer-encapsulated blue phase (PEBP)

liquid crystal films were prepared via solvent evaporation-induced phase separation of a

mixture of blue phase liquid crystal (BPLC) and polymer latex [33]. It was observed that the

PEBP films induced the birefringence between crossed polarizers at low switching voltage and

with fast response time. PEBP samples generated considerably large Kerr constants, in the

range of 1.83*108–20*108 V�2 m (at 633 nm), which are about 10 times higher than those of the

reported PSBPs [139]. Therefore, PEBP liquid crystal films are strong candidates for next-

generation displays as a result of the outstanding E-O properties of blue phases [33].

3.6. Polymer stabilization of polymer encapsulated blue phase liquid crystals

A novel report has appeared recently suggesting the stabilization of encapsulated BPLC

droplets is useful technique to expand their wide temperature range and improve the E-O

properties of PDLCs using BPLCs [33]. Besides, polymer stabilization is one of the most

effective methods to expand the thermal stability of BPLCs. However, liquid crystal/polymer

composites can be classified into two distinct groups as polymer-dispersed liquid crystal

(PDLC) and polymer-stabilized liquid crystal (PSLC). Both PDLC and PSLC methods are

usually operated between a transparent state and an opaque state [53]. In the PDLC systems,

droplets of liquid crystal are dispersed in a polymer film, which can be switched from scatter-

ing state to transparent state or vice versa with an applied electric field. In the reported study,
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composite materials of polymer-dispersed blue phase (PDBP) LCs were studied by combining

PDLC films and BPLCs using two preparation methods, that is, polymer encapsulation and

polymer stabilization in order to fabricate polymer encapsulated–polymer-stabilized blue-

phase (PEPSBP) LC droplets[33]. Encapsulated droplets were stabilized via the polymerization

of reactive monomers after they were produced in a polyvinyl alcohol solution by emulsifica-

tion. It was reported that polymer stabilized droplets caused an expansion of the BP tempera-

ture range from 53 to below 0�C. Moreover, this study concluded that low switching voltage

and fast response time based on the decrement in the interfacial energy of polymer encapsu-

lated and stabilized BPLC droplets. Furthermore, stabilization and positions of droplets in the

aqueous phase have a great attraction for the researchers [142–146].

Kemiklioglu et al. firstly demonstrated the polymer-dispersed blue-phase liquid-crystal films

between two indium-tin-oxide-coated conductive substrates by switching between light scat-

tering and transparent states with applying an electric field across the films [35].

They experimentally investigated the photoinitiator effect on the electro-optical properties of

the polymer-dispersed blue phase liquid crystals as well as the ratio between the crosslinking

agent and the monomer. They showed that the increasing monomer concentration reduces the

switching voltage of the corresponding device. Moreover, the increment of the monomer

concentration in the polymer-dispersed blue phase liquid crystal samples leads an increment

in the contrast ratio. All these significant improvements in the electro-optical properties of

polymer-dispersed blue-phase liquid crystal devices are promising for new electro-optical

applications [35].

Author details

Emine Kemiklioglu

Address all correspondence to: emine.kemiklioglu@cbu.edu.tr

Department of Bioengineering, Faculty of Engineering, Manisa Celal Bayar University, Manisa,

Turkey

References

[1] Friedel G. Annales de Physique. 1922;18:273

[2] Streyer L. Chapter 10, Introduction to Biological Membranes Biochemistry. New York:

W. H. Freeman; 1975

[3] Reinitzer F. Monatshefte fuer Chemie. 1888;9:421

[4] Planer P. Liebigs Annalen. 1861;118:25

[5] Lehmann O. Uber flissende Kristalle. The Journal of Physical Chemistry. 1889;4:462

From a Chiral Molecule to Blue Phases
http://dx.doi.org/10.5772/intechopen.70555

51



[6] Chandrasekhar S. Liquid Crystals. Cambridge: Cambridge University Press; 1992

[7] Beliakov VA. Optics of Complex Structured Periodic Media. New York: Springer-Verlag;
1992

[8] de Gennes PG, and Prost J. The Physics of Liquid Crystals, Clarendon Press, Oxford,
1993

[9] Chilaya G. Induction of chirality in nematic phases. Revue de Physique Appliquée.
1981;16:193

[10] Solladie G, Zimmermann RG. Angewandte Chemie. 1985;96:335

[11] Gottarelli G, Hibert M, Samori B, Solladie G, Spada GP, Zimmermann R. Journal of the
American Chemical Society. 1983;105:7318

[12] Chilaya GS, Lisetski LN. Soviet Physics Uspekhi. 1981;24:496

[13] Chilaya GS, Lisetski LN. Molecular Crystals and Liquid Crystals. 1986;140:243

[14] Heppke G, LoÈtzch D, Oestrecher F. Zeitschrift für Naturforschung. 1986;42a:279

[15] Gorecka E, Cepic M, Mieczkowski J, Nakata M, Takezoe H, Zeks B. Physical Review E.
2003;67:061704:1-061704:5

[16] Nakata M, Takanishi Y, Watanabe J, Takezoe H. Physical Review E. 2003;68:041710:1-
041710:6

[17] Crooker P. In: Kitzerow H-S, Bahr C, editors. Chirality in Liquid Crystals. New York:
Springer; 2001

[18] Kikuchi H, Yokota M, Hisakado Y, Yang H, Kajiyama T. Nature Materials. 2001;1:64

[19] Hisakado Y, Kikuchi H, Nagamura T, Kajiyama T. Advanced Materials. 2005;17:96

[20] Haseba Y, Kikuchi H, Nagamura T, Kajiyama T. Advanced Materials. 2005;17:2311

[21] Iwata T, Suzuki K, Amaya N, Higuchi H, Masunaga H, Sasaki S, Kikuchi H. Macromol-
ecules. 2009;42:2002

[22] Kemiklioglu E, Hwang JY, Chien L-C. Physical Review E. 2014;89:042502

[23] Zhang T, Ge J, Hu Y, Yin Y. Nano Letters. 2007;7:3203

[24] Banerjee SS, Chen DH. Chemistry of Materials. 2007;19:6345

[25] Suda M, Kameyama N, Suzuki M, Kawamura N, Einaga Y. Angewandte Chemie,
International Edition. 2007;47:160

[26] Rangappa D, Naka T, Kondo A, Ishii M, Kobayashi T, Adschiri T. Journal of the Amer-
ican Chemical Society. 2007;129:11061

[27] Taguchi M, Takami S, Adschiri T, Nakane T, Sato K, Naka T. CrystEngComm.
2841;13:2011

Liquid Crystals - Recent Advancements in Fundamental and Device Technologies52



[28] Shaffter MSP, Windle AH. Advanced Materials. 1999;11:937

[29] Velasco-Santos C, Martinez-Hernandez AL, Fisher F, Rouff RS, Castano VM. Journal of

Physics D: Applied Physics. 2003;36:1423

[30] Castles F, Morris SM, Terentjev EM, Coles HJ. Physical Review Letters. 2010;104:157801

[31] Gardiner D, Morris SM, Castles F, Qasim MM, Kim W-S, Choi SS, Par HJ, Chung I-J,

Coles HJ. Applied Physics Letters. 2011;98:263508

[32] Hussain Z, Masutani A, Danner D, Pleis F, Hollfelder N, Nelles G, Kilickiran P. Journal

of Applied Physics. 2011;109:114513

[33] Kemiklioglu E, Chien L-C. Applied Physics Express. 2014;7:091701

[34] Kemiklioglu E, Chien L-C. Liquid Crystals. 2017;44:722

[35] Kemiklioglu E, Chien L-C. EPJ E-Soft Matter & Biological Physics. 2017;40:11524

[36] Martinez-Gonzalez JA, Zhou Y, Rahimi M, Bukusoglu E, Abbott NL, de Pablo JJ. PNAS.

2015;112:13195

[37] Bukusoglu E, Wang X, Martinez-Gonzalez JA, de Pablo JJ, Abbott NL. Advanced Mate-

rials. 2015;27:6897

[38] Pasteur L, Hebd CR. Sean Academy of Sciences Paris. 1848;26:535

[39] Eliel EL, Wilen SH, Mander LN. Stereochemistry of Organic Compounds. New York:

Wiley; 1994

[40] Nasipuri D. Stereochemistry of Organic Compounds: Principles and Applications. New

Delhi: Wiley Eastern; 1991

[41] Collins AN, Sheldrake GN, Crosby J, editors. Chirality in Industry: The Commercial

Manufacture and Applications of Optically Active Compounds. Chichester: Wiley; 1992

[42] Hegstrom RA, Kondepudi DK. Scientific American. January 1990;1990:98

[43] Bouchiat M-A, Pottier L. Science. 1986;234:1203

[44] de Gennes PG, Prost J. The Physics of Liquid Crystals, 2nd, Oxford University Press,

Oxford, 1993

[45] Chandrasekhar S. Liquid Crystals. 2nd ed. Cambridge: Cambridge University Press;

1992

[46] Demus D, Goodby J, Gray GW, Spiess H-W, Vill V, editors. Handbook of Liquid Crys-

tals. Vol. 1-3. Weinheim: Wiley-VCH; 1998

[47] Elston S, Sambles R, editors. The Optics of Thermotropic Liquid Crystals. Taylor &

Francis; London, 1998

[48] Goodby JW. Journal of Materials Chemistry. 1991;1:307-318

From a Chiral Molecule to Blue Phases
http://dx.doi.org/10.5772/intechopen.70555

53



[49] Goodby JW, Slaney AJ, Booth CJ, Nishiyama I, Vuijk JD, Styring P, Toyne KJ. Molecular
Crystals and Liquid Crystals. 1994;243:231-298

[50] Pelzl G, Diele S, Weissflog W. Advanced Materials. 1999;11:707-724

[51] Takezoe H, Takanishi Y. Japanese Journal of Applied Physics. 2006;45:597-625

[52] Link DR, Natale G, Shao R, Maclennan JE, Clark NA, Korblova E, Walba DM. Science.
1997;278:1924-1927

[53] Kemiklioglu E. Polymer stabilized and dispersed blue phases [Dissertation]. USA: Kent
State University; 2014

[54] Yang DK, Doane JW, Yaniv Z, Glasser J. Applied Physics Letters. 1994;64:1905

[55] Petri A, BraÈuchle C, Leigeber H, Miller A, Witzel H-P, Kreuzer F-H. Liquid Crystals.
1993;15:113

[56] Palfy-Muhoray P, Singer KD. Optics & Photonics News. Sept 1995;1995:17

[57] Schlichting W, Faris S, Li L, Fan B, Kralik J, Haag J, Lu Z. Molecular Crystals and Liquid
Crystals. 1997;301:771

[58] Lu SY, Chien LC. Optics Letters. 2010;35:562

[59] Etchegoin P. Physical Review E. 2000;62:1435

[60] Barbet-Massin R, Cladis P, Pieranski P. Physical Review A. 1984;30:1161

[61] Lehmann O. Zeitschrift für Physikalische Chemie. 1906;56:750

[62] Gray GW. Journal of the Chemical Society. 1956;3733

[63] Wright DC, Mermin ND. Reviews of Modern Physics. 1989;61:385

[64] Meiboom S, Sethna JP, Anderson WP, Brinkman WF. Physical Review Letters. 1981;
46:1216

[65] Coles HJ, Pivnenko MN. Nature. 2005;436:997

[66] Choi H, Higuchi H, Ogawa Y, Kikuchi H. Applied Physics Letters. 2012;101:131904

[67] Gerber PR. Molecular Crystals and Liquid Crystals. 1985;116:197

[68] Alexander GP, Yeomans JM. Physical Review Letters. 2007;99:067801

[69] Alexander GP, Yeomans JM, Zumer S. Faraday Discussions. 2010;144:159

[70] Yoshizawa A, Sato M, Rokunohe J. Journal of Materials Chemistry. 2005;15:3285

[71] Yelamaggad CV, Shashikala IS, Liao G, Shankar Rao DS, Prasad SK, Li Q, Jakli A.
Chemistry of Materials. 2006;18:6100

[72] Wang L, He W, Xiao X, Meng F, Zhang Y, Yang P, Wang L, Xiao J, Yang H, Lu Y. Small.
2189;8:2012

Liquid Crystals - Recent Advancements in Fundamental and Device Technologies54



[73] Szleifer I, Rozen RY. Polymer. 2005;46:7803

[74] Dierking I, Scalia G, Morales P. Journal of Applied Physics. 2005;97:044309

[75] Iijima S. Nature. 1991;354:56

[76] Jeong SJ, Sureshkumar P, Jeong KU, Srivastava AK, Lee SH, Jeong SH, Lee YH, Lu R,

Wu ST. Optics Express. 2007;15:11698

[77] Lagerwall J, Scalia G, Haluska M, Dettlaff-Wegliskowska U, Roth S, Giesselmann F.

Advanced Materials. 2007;19:359

[78] Trushkevych O, Collings N, Hasan T, Scardaci V, Ferrari AC, Wilkinson TD, Crossland

WA, Milne WI, Geng J, Johnson BFG, Macaulay S. Journal of Physics D. 2008;41:125106

[79] Basu R, Iannacchione GS. Journal of Applied Physics. 2008;104:114107

[80] Javadian S, Dalir N, Kakemam J. Liquid Crystals. 2017. DOI: 10.1080/02678292.2016.

1278051

[81] Lisetski LN, Minenko SS, Samoilov AN, Lebovk NI. Journal of Molecular Liquids.

2017;235:90

[82] Huang C-Y, Hu CY, Pan HC, Lo KY. Japanese Journal of Applied Physics. 2005;44:8077

[83] Lee W, Wang CY, Shih YC. Applied Physics Letters. 2004;85:513

[84] Peterson MSE, Georgiev G, Atherton TJ, Cebe P. Liquid Crystals. 2017. DOI: 10.1080/

02678292.2017.1346212

[85] Huang C-Y, Pan HC, Hsiem CT. Brief communication. Japanese Journal of Applied

Physics. 2006;45:6392

[86] Chan C, Crawford G, Gao Y, Hurt R, Jian K, Li H, Sheldon B, Sousa M, Yang N. Carbon.

2440;43:2005

[87] Baik I-S, Jeon SY, Jeong SJ, Lee SH, An KH, Jeong SH, Lee YH. Journal of Applied

Physics. 2006;100:074306

[88] Kemiklioglu E, Chien LC. Liquid Crystals. 2016;43:1067

[89] Jeon SY, Park KA, Baik I-S, Jeong SJ, Jeong SH, An KH, Lee SH, Lee YH. Nano. 2007;2:41

[90] Srivastava AK, Jeong SJ, Lee MH, Lee SH, Jeong SH, Lee YH. Journal of Applied

Physics. 2007;102. DOI: 043503

[91] Chen HY, Lee W. Optical Review. 2005;12:223

[92] Lee W, Shih YC. Journal of the Society for Information Display. 2005;13:743

[93] Lu SY, Chien LC. Optics Express. 2008;16:12777

[94] Hur S-T, Gim M-J, Yoo HJ, Choi S-W, Takezoe H. Soft Matter. 2011;7:8800

[95] Hikmet RAM. Journal of Applied Physics. 1990;68:4406

From a Chiral Molecule to Blue Phases
http://dx.doi.org/10.5772/intechopen.70555

55



[96] Mizunumuna T, Oo TN, Nagano Y, Ma H, Haseba Y, Higucki H, Okumura Y, Kikuchi

H. Optical Materials Express. 2011;1:1561

[97] Kikuchi H, Hisakado Y, Uchida K, Nagamura T, Kajiyama T. Proceedings of SPIE. 2004;

5518:182

[98] Crawford GP, Zumer S. Liquid Crystals in Complex Geometries. Taylor and Francis

Ltd.; London, 1996

[99] Rao L, Ge Z, Wu ST. Journal of Display Technology. 2010;6:115

[100] Lin YH, Chen HS, Lin HC, Tsou YS, Hsu HK, Li WY. Applied Physics Letters. 2010;

96:113505

[101] Iwata T, Takaoka T, Suzuki K, Amaya N, Higuchi H, Kikuchi H. Molecular Crystals and

Liquid Crystals. 2007;470:11

[102] Choi SW, Yamamoto SI, Haseba Y, Higuchi H, Kikuchi H. Applied Physics Letters.

2008;92:043119

[103] Ge Z, Gauza S, Jiao M, Xianyu H, Wu ST. Applied Physics Letters. 2009;94:101104

[104] Ge Z, Rao L, Gauza S, Wu ST. Journal of Display Technology. 2009;5:250

[105] Rao L, Ge Z, Wu ST, Lee SH. Applied Physics Letters. 2009;95:231101

[106] Jiao M, Li Y, Wu ST. Applied Physics Letters. 2010;96:011102

[107] Chen KM, Gauza S, Xianyu H, Wu ST. Journal of Display Technology. 2010;6:49

[108] Yan J, Cheng HC, Gauza S, Li Y, Jiao M, Rao L, Wu ST. Applied Physics Letters.

2010;96:071105

[109] Yoon S, Kim M, Kim MS, Kang BG, Kim MK, Srivastava AK, Lee SH, Ge Z, Rao L,

Gauza S, Wu ST. Liquid Crystals. 2010;37:201

[110] Doane JW, Vaz NA, Wu BG, Zumer S. Applied Physics Letters. 1986;48:269

[111] Drazic PS. Liquid Crystal Dispersions. Singapore: World Scientific; 1995

[112] Ono H, Kawamura T, Frias NM, Kitamura K. Journal of Applied Physics. 2000;88:3853

[113] Bowley CC, Crawford GP. Applied Physics Letters. 2235;76:2000

[114] Sutherland RL, Tondiglia VP, Natarajan LV, Bunning TJ, Adams WW. Applied Physics

Letters. 1994;64:1074

[115] Wu BG, Erdmann JH, Doane JW. Liquid Crystals. 1989;5:1453

[116] Jain SC, Thakur RS, Lakshmikumar ST. Journal of Applied Physics. 1993;73:3744

[117] Choi C-H, Kim B-K, Kajiyama T. Molecular Crystals and Liquid Crystals. 1994;247:303

[118] Amundson K, Blaaderen A, Wiltzius P. Physical Review E: Statistical Physics, Plasmas,

Fluids, and Related Interdisciplinary Topics. 1997;55:1646

Liquid Crystals - Recent Advancements in Fundamental and Device Technologies56



[119] Kalkar AK, Kunte VV, Deshpande AA. Journal of Applied Polymer Science. 1999;74:3485

[120] Mormile P, Musto P, Petti L, Ragosta G, Villano P. Applied Physics B: Lasers and Optics.

2000;70:249

[121] Fergason JL. Journal of the Society for Information Display. 1985;16:68

[122] Doane JW, Golemme A, West JL, Jr Whitehead JB, Wu B-G. Molecular Crystals and

Liquid Crystals. 1988;165:46

[123] Kashima M, Cao H, Liu H, Meng Q, Wang D, Li F, Yang H. Liquid Crystals. 2010;37:339

[124] Whitehead JB, Gill NL. Proceedings of SPIE. 2005;5741:12

[125] Drzaic PS. Liquid Crystal Dispersions. Singapore, World Scientific Publishing, Chapter

4; 1995

[126] Vaz NA. Proceedings of SPIE. 1989;1080:2

[127] Drzaic PS. Journal of Applied Physics. 1986;60:2142

[128] Cupelli D, Nicoletta FP, Manfredi S, Vivacqua M, Formoso P, De Filpo G, Chidichimo G.

Solar Energy Materials & Solar Cells. 2009;93:2008

[129] White TJ, Natarajan LV, Tondiglia VP, Lloyd PF, Bunning TJ, Guymon CA. Polymer.

2007;48:5979

[130] Hsiao V, Lu C, He GS, Pan M, Cartwright AN, Prasad PN. Optics Express. 2005;13:3787

[131] Landfester K. Macromolecules. 1999;32:2679

[132] Izquierdo P, Esquena J, Tadros Th. F., Dederen C, Garcia-Celma MJ, Azemar N, Solans

C. Langmuir. 2012;18:26

[133] Maschke U, Coqueret X, Benmouna M. Macromolecular Rapid Communications. 2002;

23:159

[134] Wu ST, Yang DK. Reflective Liquid Crystal Displays. Wiley; England, 2001

[135] Cheoi YC, Yang DK. Applied Physics Letters. 2011;98:023502

[136] Drzaic PS. Liquid Crystals. 1988;3:1543

[137] Fergason JL. US Patent, 4, 1984, 435 047

[138] Bunning TJ, Natarajan LV, Tondiglia VP, Sutherland RL, Vezie DL, Adams WW. Poly-

mer. 1995;36:2699

[139] Bunning TJ, Natarajan LV, Tondiglia VP, Sutherland RL. Annual Review of Materials

Science. 2010;30:83

[140] Klosowicz SJ, Aleksander M. Opto-Electronics Review. 2004;12:305

[141] Serbutoviez C, Kloosterboer JG, Boots HMJ, Paulissen FAMA, Touwslager FJ. Liquid

Crystals. 1997;22:145

From a Chiral Molecule to Blue Phases
http://dx.doi.org/10.5772/intechopen.70555

57



[142] Qi J, Crawford GP. Displays. 2004;25:177

[143] Wang X, Bukusoglu E, Abbott NL. Chemistry of Materials. 2017;29:53

[144] Bukusoglu E, Wang X, Zhou Y, Martínez-González JA, Rahimi M, Wang Q, de Pablo JJ,

Abbott NL. Soft Matter. 2016;12:8781

[145] Martínez-González JA, Zhou Y, Rahimi M, Bukusoglu E, Abbott, NL, de Pablo JJ. PNAS.

2015;112:13195

[146] Bukusoglu E, Wang X, Martínez-González JA, de Pablo JJ, Abbott NL. Advanced

Materials. 2015;27:6892

Liquid Crystals - Recent Advancements in Fundamental and Device Technologies58


