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Abstract: Two conceptually different approaches can be used to operate liquid
crystal (LC) materials. One approach is based on numerous variants of the Freder-
iks effect, which enables the LC reorientation caused by external stimuli without
a change of boundary conditions. All modern optoelectronic LC devices function
on the basis of this effect. The other exploits the anchoring transitions through
the modification of the surface anchoring strength with a change in the tilt and
(or) azimuthal anchoring angle(s) under the external influence (temperature, irra-
diation, electric field, and so on). This chapter provides an overview of a novel
method to control LC materials by electrically induced anchoring transitions. The
key element entailed in our method is an ionic surfactant dissolved in LC. The
surfactant is adsorbed partially on the LC cell substrate, thus specifying certain
boundary conditions. Its concentration at the interface varied under the action of
DC electric field resulting in the modification of the surface anchoring. Following
this, changing boundary conditions makes the whole bulk of LC reoriented into a
different state. The modification of boundary conditions can be realized in both
the normal and inverse modes, depending on the content of the ionic surfactant
in LC. This ionic-surfactant operation (ISO) method is applicable to both polymer-
dispersed LC (PDLC) films and nematic and cholesteric LC layers. Dynamical pa-
rameters of the electro-optical response of various LC structures are considered.
Response times of the ISO optical cells of twisted -nematic layers are decreased to
tens or hundreds of milliseconds at some volts of applied electric voltage. The im-
plementation of the ISO method into operating PDLC devices allows observations
of the novel bistability effects in cholesteric droplets. The most impressive feature
of the ISO method is the possibility to reorient LC with dielectric anisotropy Δε of
any sign and value, including Δε = 0.
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7.1 Introduction

Impetuous development of nanotechnologies renders the study of surface phenom-
ena increasingly topical. The effects occurring at the interface between two media,
of which one is liquid crystal (LC), are quite specific (Barbero and Evangelista,
2006; Blinov et al., 1987). The most spectacular feature is that the comparatively
weak surface anchoring forces not only can orient the near-surface LC molecules
but also can affect the director configuration in a region offset by a few tens of mi-
crons from the interface. This property is basic to the functioning of all modern elec-
tro-optical LC devices because it allows the desired orientational structure to be
organized in an LC layer through the formation of appropriate boundary conditions.
An external electric field reorients LC in its bulk but does not markedly change the
interface structure. This transformation is typical for the numerous variants of the
classical Frederiks effect (Blinov, 1983; Freedericksz and Zolina, 1933). After switch-
ing off the field, the forces of surface interaction restore the initial director configu-
ration in the bulk of LC.

A conceptually new approach was developed on the basis of the so-called local
Frederiks transitions (Blinov et al., 1987; Dubois-Violette and De Gennes, 1975) or
anchoring transitions consisting in the transformations of the director orientation in
the bulk as a result of a change in the balance of the orienting actions of the differ-
ent surface forces. A typical example is the reorientation of a nematic layer screened
from a crystal substrate by a thin amorphous film (Blinov et al., 1984; Ryschenkow
and Kleman, 1976). The orienting actions of the film and substrate must be different,
for example, planar and homeotropic. The variation in the film temperature (Ryschen-
kow and Kleman, 1976) or the film thickness (Blinov et al., 1984) changes the bal-
ance of the orienting forces and, thus, initiates the reorientation of LC layer. In
practice, the methods of modifying boundary conditions by an electric field are
most essential. For this purpose, for example, the substrates coated with a ferroelec-
tric LC polymer were used by Komitov et al. (2005). After a change in the polarity of
the applied voltage, the azimuthal director reorientation in the LC polymer induces
the respective orientational transformation in the bulk of the nematic LC (NLC) bor-
dering such a substrate.

There is another opportunity to realize the electrically controlled anchoring
transition based on the ionic-surfactant method. In 1972, Proust and his colleagues
observed an interesting phenomenon when the concentration of adsorbed cationic
surfactant cetyltrimethylammonium bromide (CTAB) influences dramatically the LC
surface anchoring (Proust and Ter Minassian Saraga, 1972). They showed that at low
content of the surfactant at interface, a planar (tangential) anchoring is formed
(Figure 7.1). At high content of CTAB admixture, the surface anchoring becomes ho-
meotropic (perpendicular). This result underlay the technique offered by Petrov and
Durand (1994) to implement an electrically controlled change of boundary condi-
tions in the planar nematic layer with an ionic surfactant preliminarily deposited on
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substrates of the LC cell. However, an anchoring transition was not realized in the pure
form because electrohydrodynamic instability was the dominant effect.

In our experiments, the ability of CTAB to dissolve slightly in LC and dissociate into
ions was used. A method of controlling the LC structure which is based on the modifica-
tion of surface anchoring by electric-field-driven ionic surfactant was implemented for
the first time for nematic droplets (Zyryanov et al., 2007b). We believe that the develop-
ment of this approach can lead to the creation of principally new LC materials capable
of significantly expanding the functional possibilities of optoelectronic devices.

This chapter reviews the previous works of authors primarily done on the devel-
opment of LC materials with electro-optical characteristics controlled using ionic-
surfactant method.

7.2 Polymer-dispersed liquid crystal films
controlled by ionic-surfactant method

7.2.1 Composition and sample preparation

We used the following material components for the preparation of polymer-dispersed
LC (PDLC) films (Figure 7.2): well-known nematics 4-n-pentyl-4ʹ-cyanobiphenyl
(5CB) with dielectric anisotropy Δε = +13.3 at 25 °C (Bradshaw et al., 1985) and 4-
methoxybenzylidene-4ʹ-n-butylaniline (MBBA) Δε = –0.54 at 25 °C (Klingbiel et al.,
1974), polymers polyvinyl butyral (PVB) and polyvinyl alcohol (PVA) specifying the
tangential (planar) boundary conditions, glycerin as a plasticizer for PVA, cationic
surfactant CTAB, and a chiral additive cholesteryl acetate (ChA) to prepare cholesteric
LCs (ChLCs).

CTAB

glass substrate

LC

(a) (b)

Figure 7.1: A planar anchoring of LCs is formed at low content of CTAB molecules at interface (a). An
increase in CTAB concentration leads to the formation of a homeotropic surface anchoring (b).
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The samples of PDLC films based on PVB were prepared by the solvent-induced
phase separation (SIPS) method (Crawford and Zumer, 1996; Zharkova and Sonin,
1994). A mixture of LC 5CB and polymer PVB taken in a weight ratio of 1:1 with the
surfactant CTAB of varied concentration was dissolved in ethanol. The solution was
poured on the substrates with indium–tin -oxide (ITO) electrodes and dried. After
ethanol evaporation, the polymer film was formed with LC droplets dispersed in it.
The film thickness and LC droplet’s size were specified by the conditions of the SIPS
process (the ratio of the material components and rate of evaporation).

The emulsification method was used to prepare the samples of PDLC films based
on polymer PVA (Drzaic, 1995). At that, a nematic LC doped with the cationic surfac-
tant CTAB was emulsified into an aqueous solution of the film-forming PVA polymer
plasticized with glycerin. The ratio of used components varied according to each case
under consideration.

7.2.2 Normal mode of the electrically induced anchoring
transition in nematic droplets

CTAB was used as an ion-forming surfactant providing normal (homeotropic) bound-
ary conditions (Cognard, 1982; Proust and Ter Minassian Saraga, 1972) at a certain
concentration. When dissolved in LC, this compound dissociates into a negatively
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Figure 7.2:Material components to prepare liquid crystal/surfactant/polymer composite
structures.
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charged Br– ion and a positive CTA+ ion. The surface-active properties of CTAB are
only due to the cations, which when adsorbed at the interface can form molecular
layers in which the long alkyl chains C16H33 are aligned perpendicular to the surface.

To study the textural changes and orientational structures (director configura-
tions) in nematic droplets, a PDLC cell with in-plane applied electric field was pre-
pared (Figure 7.3). The gap between the electrode strips at the substrate was 100 μm.
Experiments were performed with composite films that are uniaxially stretched. Mo-
nopolar rectangular electrical pulses of 1-s duration with an amplitude varying from 0
to 1,000 V were applied to the electrodes. The texture patterns of the LC droplets were
observed using a polarizing optical microscope (POM) in the geometry of crossed po-
larizers and with the analyzer turned off.

The droplets of 5CB nematic dispersed into a pure PVB matrix with the tangential an-
choring are characterized by a bipolar director configuration (Prishchepa et al., 2005).
The texture patterns of the nematic droplet and the corresponding director configura-
tions typical for the studied composite film are demonstrated in Figure 7.4. One can see
that the orientational structure of the droplets is bipolar with two surface point defects
– boojums – in initial state (Figure 7.4(a)), evidencing the tangential anchoring for the
chosen concentration of the CTAB surfactant.

In the geometry of crossed polarizers (Figure 7.4(a), top row), two extinction
bands originate from the defects located at the ends of the droplet’s major axis and
expand gradually shading the central part of the droplet. The bipolar director con-
figuration in the central section of the nematic droplet is schematically shown by
the dashed lines at the bottom row of Figure 7.4(a).

In the geometry with the turned-off analyzer (Figure 7.4(a), middle row), two
boojum defects (Volovik and Lavrentovich, 1983) are seen as dark spots at the ends

Figure 7.3: Scheme of PDLC cell with a CTAB dissolved in the nematic droplets. The content of CTA+

ions adsorbed at the droplet surface is not enough to block the orienting forces of polymer walls
and specify homeotropic anchoring; therefore, the tangential (planar) boundary conditions are
realized in the initial state (a). When DC electric field is switched on, the CTA+ ions are localized in
the part of droplet near the cathode and modify an anchoring at the interface from tangential to
homeotropic (b).
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of the major axis of a prolate droplet. This became possible because of the large gra-
dient of the refractive index near the defects and, hence, intense local light scatter-
ing. For the same reason, the parts of the droplet boundary are also clearly seen,
where the light polarization coincides with the local director orientation. The gradi-
ent of the extraordinary refractive index of nematic droplet, n||, and the refractive
index of polymer, np, Δn = n|| – np, is maximal at these points. The boundary sec-
tions with the orthogonal arrangement of the director and light polarization are de-
fined less sharply because the gradient Δn = n⊥ – np is minimal in this region,
where n⊥ is an ordinary refractive index of nematic droplet.

The droplet’s pictures corresponding to the end of the pulse when the electric
vector is directed rightward are shown in Figure 7.4(b). Analysis of the corresponding
textures shows that the right boojum decomposes in this case, and the director lines
are almost uniformly aligned with the applied field at right half of the droplet. At the
left half, the texture is unchanged suggesting that the initial director configuration is
retained. The orientational structure corresponding to the new state of the droplet is
shown at the bottom row of Figure 7.4(b). Of the previously described structures, the
field-free monopolar structure (Prishchepa et al., 2005) of the lecithin-doped nematic
droplets is a closest analogue to this configuration. The reversal of the field direction
(Figure 7.4(c)) induces symmetric changes in textures: the left defect decomposes,
while the initial director distribution in the right half of the droplet is retained.

In this situation, the orienting action of the external field on the LC bulk is not
crucial. The concentration of the ionic impurity in the samples was so high that the
applied field was almost fully screened inside the droplet by the field of spatially
separated ionic charges (Barannik et al., 2005).

The observed transformation of the orientational structure in the LC droplet can
convincingly be explained by the ion rearrangement (Figure 7.3). Under the action
of the external field, the surface-active cations are concentrated near the droplet
boundary close to the cathode forming here the close-packed CTA+ layers with alkyl
chains aligned perpendicular to the interface (Figure 7.3(b)). In the LC droplets studied,
the fraction of CTAB was ~0.5 wt% or ~2.6 × 10−12 g for a spherical droplet with a radius
of 5 μm. Regarding the molecular weightMCTAB = 6.04 × 10−22 g, such a droplet contains
~4.3 × 109 CTAB molecules. The projection of a homeotropically arranged CTA+ cation
onto the interface is about 0.15 × 10−18 m2 for the straightened trans-conformation of the
alkyl chain. With these parameters, four close-packed monolayers of the CTA+ cations
can form at the half of droplet surface close to the cathode. Clearly, the number of
monolayers is maximal at the point closest to the cathode and it decreases gradually
with distance from this point. For comparison, the critical number of polar monolayers
of stearic acid (whose molecules are similar in size and shape to the CTA+ ions) in 5CB
LC is two, while the number of nonpolar bilayers is ten (Blinov et al., 1984). In our case,
the cationic monolayers screen also the orienting action of the PVB matrix and change
the surface anchoring from tangential to homeotropic.
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The modification occurs locally at the boundary area closest to the negative elec-
trode. At a distance from it, the concentration of the cationic surfactant decreases and
the anchoring angle θ (between the LC director and the normal to the surface) can
change gradually from 0 (in the point of the destroyed defect) to 90° at the boundary
area adjacent to the minor axis of the ellipsoidal droplet. After the field reversal, the
CTA+ ions transfer to the left half of the droplet and form there homeotropic anchoring.
After a cation departure, the tangential boundary conditions and the surface boojum
are restored at the right half of the droplet. As shown, the local increase in concentra-
tion of the Br‒ anions does not cause the surface anchoring transition.

Figure 7.4: POM images of a nematic droplet between crossed polarizers (top row), with the
turned-off analyzer (middle row), and the corresponding director configurations (bottom row).
The electric field is switched off (a). The electric field U = 280 V is directed along the droplet’s
major axis to the right (b) and to the left (c). A gap between the electrodes is 100 μm, and a size
of droplet’s major axis is 13 μm. The polarizer orientations here and in the following figures are
shown by the duplex arrows.
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The orientational structure transformations occurring in LC droplet under electric
field applied perpendicular or nearly perpendicular to the bipolar axis (Figure 7.5) are
explained in a similar manner. In this case, the curved monopolar structure is formed
(Figure 7.5(b) and (c)). One of the boojums is retained in the right half of the droplet in
Figure 7.5(b) and in the left half in Figure 7.5(c). The other boojum decomposes, and
the director lines deflect either upward (Figure 7.5(b)) or downward (Figure 7.5(c)) and
crop out at the surface area saturated with the cations, where the boundary conditions
become homeotropic and nearly homeotropic. At the opposite side of the droplet,
where the Br anions are localized, the tangential anchoring is retained, as in the case
shown in Figure 7.4(b) and (c).

Figure 7.5: The arrangement of pictures and notations are as in Figure 7.4. The electric field
U = 950 V is directed at an angle of 81° to the droplet’s major axis. The field is switched off
(a); the electric vector E is directed upward (b) and downward (c) in the figure plane. The major
axis of the droplet is 15 μm.
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Noteworthy is the fact that almost half of the visible droplet boundary is blurred
when the field is perpendicular to the bipolar axis (top border in Figure 7.5(b) and
bottom one in Figure 7.5(c), middle row). This occurs because the refractive indices
of LC and polymer are matched; as a result, the light scattering for this polarization
becomes markedly smaller for such LC structure than for the bipolar configuration.
This inference is consistent with the results of our measurements of light transmission
of PDLC film under direct current (DC) electric field applied perpendicular to the film,
which show that the transmittance increased approximately doubles evidencing the
promise to use this effect in electro-optical devices.

The possibility that the monopolar structure can appear was analyzed theoreti-
cally by the computer simulation of director distribution in a nematic droplet. The LC
free energy was minimized in a single-constant approximation (Zumer and Doane,
1986):

F = 1
2

ð
K ∇ ·nð Þ2 + ∇×nð Þ2
h i

dV (7:1)

where a unit vector n is the nematic director, and K is the averaged value of the
basic NLC elastic constants K = (K11 +K22 + K33)/3, where Kii (i = 1,2,3) were taken from
Bunning et al. (1981). This method was adapted earlier for the calculation of orienta-
tional structures in the spherical nematic droplets with inhomogeneous boundary
conditions (Prishchepa et al., 2005). We extended this approach for the simulation of
nematic droplets shaped as ellipsoid (Prishchepa et al., 2006). As discussed above,
the field of spatially separated ions in the droplets compensates the action of the ex-
ternal electric field. For this reason, the terms accounting for the LC energy in the
electric field were omitted in eq. (7.1). The boundary conditions were chosen accord-
ing to the experiment demonstrated in Figure 7.4. Using the data obtained for the di-
rector configuration (Figure 7.6, bottom row), the corresponding texture patterns for
the crossed polarizers were calculated by the well-known theoretical method (Ondris-
Crawford et al., 1991) (Figure 7.6, top row).

One can see that these calculations properly describe the bipolar director config-
uration and the texture for the prolate nematic droplets (Figure 7.6(a)). To simulate
the monopolar structure shown in Figure 7.4(b) and (c), tangential anchoring was
assumed for the most part of the droplet surface (~0.7 of the visible boundary;
see Figure 7.6(b)). The homeotropic boundary conditions are introduced in a small
portion (~0.1 of the boundary on the right). The boundary conditions were as-
signed to be free between these two areas. The resulting director configuration and
the texture pattern (Figure 7.6(b)) agree basically with the experiment (Figure 7.4(b)
and (c)), confirming that the above analysis of the experimental data is correct.

The distinctions between the observed effect and other phenomena initiated by
ionic impurities in nematic LCs should be discussed. Among these phenomena, vari-
ous types of electrohydrodynamic instability of nematics in an alternating electric
field are well known (Blinov et al., 1984; Fréedericksz and Tsvetkov, 1935). In such
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systems, the ionic vortex motion initiates corresponding flows in the LC. The initially
homogeneous director orientation becomes destroyed and the LC bulk breaks down
into a lot of light-scattering vortices.

Another type of phenomena is described in detail by Barbero and Evangelista
(2006) and is associated with the selective absorption of ions by the interface in the
absence of an external field, as a result of which an electrical double layer forms
near the surface. The electric field of the double layer can dominate other orienta-
tional actions of the substrate and can govern the director orientation at the LC cell
surface.

The electrically induced anchoring transition in LC doped with CTAB is based
on the combined action of two properties of the used dopant. The ion-forming abil-
ity of the additive makes possible the electrically controlled transport of certain ions
to the required area of the LC cell. The surface-active property of the CTA+ layers
formed in this area allows the tangential orientational influence of the PVB matrix

Figure 7.6: Numerical calculation of the director configurations (bottom row) and the corresponding
textures (top row) in crossed polarizers for a nematic droplet with the size parameters and
boundary conditions close to the experiment (see Figure 7.4). The boundary conditions (tangential,
free, and homeotropic) are indicated in the droplet shells (bottom row in the figure). Bipolar
orientational structure with the homogeneous tangential anchoring (a). Monopolar structure with
the inhomogeneous boundary conditions (b).

288 Mikhail Krakhalev et al.



to be screened and the surface anchoring to be changed from tangential to homeo-
tropic. A similar screening effect is described by Blinov et al. (1984) for Langmuir layers
formed by molecules of stearic acid. However, the use of electrically neutral molecules
does not permit electrically controlled modification of the surface anchoring.

7.2.3 Inverse mode of the electrically induced anchoring
transition in nematic droplets

In this section, the possibility of an inverse regime for the ionic modification of sur-
face anchoring is considered and it is shown that this effect can be observed at a
higher surfactant concentration than for the above-described case. PDLC films pre-
pared by emulsification of LC in a polymer solution followed by solvent evaporation
were studied (Drzaic, 1995). For this purpose, the weight ratio 5CB:PVA:Gl:CTAB of
the components was 1:19:6:0.1. Note that the surfactant concentration was 10 times
higher than for the normal mode (Zyryanov et al., 2007). It is known that the ne-
matic 5CB is aligned tangentially at the surface of PVA even in the presence of glyc-
erin additions (Drzaic, 1995). The CTA+ ions, being adsorbed on the interface, can
form nanosized layers that specify the homeotropic alignment of the LC molecules
at a certain concentration (Cognard, 1982).

The samples of the composite films of 30 μm thickness were placed on a glass
substrate with electrodes allowing a DC electric field to be applied along the film
plane (Figure 7.7). The size of LC droplets was in the 7–11 μm range. Some of the stud-
ied samples were subjected to the uniaxial stretching for the purpose of studying spe-
cific features of the structural transformations in prolate droplets. For the material
components used, the ordinary refractive index n⊥ of LC is approximately equal to the
polymer refractive index np. This is convenient for analyzing the director orientation at

Figure 7.7: Schemes of electrically controlled ionic arrangement at LC droplet boundary for inverse
mode. When the electric field is switched off, CTA+ ions adsorb homogeneously at the interface and
specify the homeotropic LC orientation at whole droplet surface (a). Under the action of DC electric
field, CTA+ ions leave a part of the surface close to the anode (b) where the tangential boundary
conditions are formed.
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the interface between the nematic and polymer. In the case of a switched-off ana-
lyzer, the droplet boundary is virtually unseen in the areas where light is polarized
perpendicular to LC director. And vice versa, due to the strong light scattering, the
interface is clearly seen as a dark line in the areas where the director coincides
with the light polarization.

The experiments were accompanied by the numerical calculations of the director
configurations in LC droplets and the corresponding textural patterns. The orienta-
tional structures were calculated by the well-known method of minimizing the energy
of elastic distortions of the director field in the bulk of LC, as discussed above. The
droplet shape and the boundary conditions were taken in accordance with the experi-
mental data. The textural patterns of LC droplets in the crossed polarizers were calcu-
lated using the theoretical model (Ondris-Crawford et al., 1991).

In all studied samples of the composite films, the radial structure (Figures 7.8–7.10,
top row) with the bulk hedgehog defect (Volovik and Lavrentovich, 1983) in the droplet
center was initially formed. The typical textural pattern of the droplets in crossed polar-
izers has a form of Maltese cross. This implies that the used concentration of homeo-
tropic surfactant suffices to form a CTA+ layer over the entire surface blocking the
tangential orienting action of the polymer matrix.

The corresponding schemes of the director distribution in the bulk of the droplets
(Figures 7.8(d)–7.10(d), top row, where the central section of the droplet parallel to the
film plane is shown) and their textural patterns (Figures 7.8(c)–7.10(c), top row) can
be calculated using the condition of the homogeneous homeotropic director alignment
over the entire droplet surface. In some droplets, the extinction bands are bent
(Figure 7.10(b), top row), indicating that the director lines are twisted. In this case, a
small chirality of the nematic structure should be considered in the analysis.

The textural patterns change drastically under the action of an electric field
(Figures 7.8–7.10, bottom rows). In this case, the observed transformations can pro-
ceed following three various scenarios that ultimately result in the formation of
three novel structures, whose specifics are determined by director distribution near
the surface in the region with tangential anchoring.

Transition of the radial configuration into the structure containing surface point
defect (boojum) and linear ring-shaped surface defect (Figure 7.8). At the beginning
of the transformation, a small area with tangential anchoring surrounded by a re-
gion with a gradual change of the director orientation from tangential to homeotropic
appears on the right side of the droplet surface. A point surface defect (hyperbolic
boojum (Meyer, 1972)) is formed at the center of the region with tangential anchoring.
Unlike a radial boojum (Volovik and Lavrentovich, 1983), the director lines in this
case do not enter this defect and deflect from it along the trajectories close to the hy-
perbola. Then the region with the tangential director alignment expands, while the
hedgehog moves from the droplet center to the hyperbolic boojum and merges with it
forming a radial boojum. At the end of the process, the tangential anchoring occupies
more than half of the droplet surface. The edges of this region are situated where a
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Figure 7.8: Transformation of the radial director configuration (top row) into the structure
containing boojum and ring-shaped surface defect (bottom row) under the action of the in-plane
applied DC electric field E. Photographs of nematic droplets with a switched-off analyzer (a) and in
crossed polarizers (b). Calculated director configurations in cross section of the droplet (d) and the
corresponding droplet textures in crossed polarizers (c). The boundary conditions (tangential or
homeotropic) are indicated in the droplet shells (d). The droplet size is 10 μm.

Figure 7.9: Electrically induced transformation of the radial configuration (top row) into the
structure containing a hedgehog, boojum, and ring-shaped surface defect (bottom row). Photo
positions, simulation data, and notations as in Figure 7.8. The major axis of the droplet is 19 μm.
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dark line corresponding to the strong light scattering terminates abruptly at the drop-
let boundary (Figure 7.8(a), bottom row). Two regions with different director orienta-
tions on the polymer wall are separated by a surface defect in the form of a ring
perpendicular to the film plane. It is seen in the bottom row of Figure 7.8(a) as a dark
vertical line to the left of the droplet center. The structure described in this figure can
form in the spherical droplets, although its occurrence is possible in the prolate drop-
lets if the electric field is directed along their minor axis. The resulting director distri-
bution can be modeled using the appropriate boundary conditions (Figure 7.8(d),
bottom row). It should be emphasized that, in this case, the director field lines must
emerge from the boojum radially in all directions in LC bulk. The droplet texture
(Figure 7.8(c), bottom row) obtained using the calculated configuration coincides ba-
sically with the experimental pattern (Figure 7.8(b), bottom row), confirming correct-
ness of the analysis.

Transition of the radial configuration into the structure containing a hedgehog, boo-
jum, and surface ring-shaped defect (Figure 7.9). This transformation occurs most fre-
quently in the prolate droplets if the electric field is directed along their major axis. At
the beginning of the process, boojum arises on the right side of the surface. Near the
boojum, a ring-shaped surface defect forms at the interface between the areas with
the tangential and homeotropic anchoring, whereupon it gradually moves to the left
half of the droplet. The hedgehog shifts to the plane of the ring-shaped defect. This
completes the structural transformation. As shown, the simulation data also describe
the experiment well.

Figure 7.10: Electrically induced transformation of the radial configuration (top row) into the
structure containing a hedgehog and ring-shaped surface defect (bottom row). Photo positions,
simulation data, and notations as in Figure 7.8. The droplet size is 10 μm.
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Transition of the radial configuration into the structure containing a hedgehog and
ring-shaped surface defect (Figure 7.10). This process is observed most frequently in
the radial droplets with the originally twisted director lines and proceeds in a qualita-
tively different way. In this structure, a ring-shaped surface defect also appears at the
interface between the tangential and homeotropic anchoring. The hedgehog moves
from the droplet center to the plane of the ring-shaped defect and shifts to the surface
stopping short of reaching it. Analysis of the photos shows that the defect-free, nearly
homogeneous director distribution is formed in the tangential surface zone. In our
calculations, we tried to take this fact into account by specifying the director lines at
the tangential surface area to be parallel to the line shown in droplet shell (bottom
row of Figure 7.10(d)). Although the resulting texture (Figure 7.10(c), bottom row)
does not fully coincide with the experimental pattern (Figure 7.10(b), bottom row),
the main features (hedgehog position, direction of extinction bands emerging from
hedgehog) agree with each other.

All processes described above are reversible. It should be noted that all three
variants of the structural transition can occur in the same spherical droplet under
the same experimental conditions. The reasons for which one or another transfor-
mation scenario is realized call for further investigations. It is likely that the deci-
sive role in these systems is played by the thermal fluctuations producing certain
distortions of the radial structure at the instant the electric field is switched on.
However, it is shown above that the balance between the probabilities of these
processes can be strongly shifted by varying the material parameters or experi-
mental conditions.

A characteristic distinction between the two modes of the electrically controlled
ionic modification of the interface is as follows. In the normal regime of the effect
(Zyryanov et al., 2007), the initial alignment of the LC is determined by the polymer
matrix, while the electric field induces the formation of a layer of surface-active ions
in the respective region of the droplet surface, thereby blocking here the orienting
effect of the polymer. Zyryanov et al. (2007) mention that the initial tangential LC
alignment was changed in a local region of the interface to the homeotropic align-
ment inherent in the used surfactant. However, the reverse reconstruction of the
boundary conditions in a normal mode is also possible, for example, for a compos-
ite of homeotropically orienting polymer and ionic surfactant providing the tangen-
tial anchoring.

In the inverse regime considered in this section, the initial structure of the LC
droplets is governed by the nanosized layer of the surface-active ions, which covers
the entire interface because of a high surfactant concentration. Under the action
of electric field, ions leave the corresponding surface region, where the boundary
conditions characterizing a polymer matrix are formed. By choosing various combina-
tions of the orienting abilities of the polymer and surfactant, one can implement
other variants in the reconstruction of the boundary conditions and, respectively, var-
ious scenarios of the structural transformations. Moreover, our study has shown that
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the resulting director configurations and, hence, the optical properties of the PDLC
films are quite sensitive to the material and structural parameters of the medium,
such as the surfactant concentration, LC chirality, and droplet anisometry.

7.2.4 Optical response dynamics of polymer-dispersed
nematic liquid crystal films

In this section, the electro-optical characteristics of a composite film based on a poly-
mer containing dispersed NLC doped with an ionic surfactant are considered. The
polymer matrix of PDLC films was PVA plasticized by glycerin (Gl). The nematic 5CB
doped with a cationic surfactant CTAB was encapsulated in the PVA matrix using
emulsification technique (Drzaic, 1995b). The ratio of components in the obtained
PVA–Gl–5CB–CTAB composition was 9.3:3.7:1:0.02 by weight. The indicated CTAB
content was enough to assign normal boundary conditions at LC–polymer inter-
face, so that a radial director configuration was formed inside the NLC droplets in
the initial state. These conditions are characteristic of the inverse regime of ion
modification of the interface (Zyryanov et al., 2008). The LC droplets had an aver-
age diameter of 2–3 μm in plane of the film which had a thickness of about 16 μm.
The sample film was formed on a glass substrate with two stripe electrodes spaced
by 1 mm. Thus, the field between the electrodes was oriented mainly parallel to
the PDLC film. The voltage applied to the electrodes had the shape of rectangular
monopolar pulses of variable duration and amplitude.

The electro-optical characteristics of PDLC film were studied using radiation of a
Mitsubishi ML101J21-01 semiconductor laser operating at λ = 658 nm. The laser radia-
tion was sequentially transmitted through the linear polarizer, sample, and diaphragm
and then measured by a photodetector. The diameter of the beam cross section was
about 0.8 mm. Scattered radiation was blocked by the diaphragm, so that only the
straight passing light was detected. The cell with PDLC film was arranged so that the
electric field was perpendicular to the laser beam and the light polarization.

NLC droplets in the initial state observed in the geometry of crossed polarizers
exhibit structures of the Maltese cross type, which are characteristic of a radial di-
rector configuration with a point defect in the droplet center. The structure re-
mains almost unchanged under the action of an applied electric field with a strength
of up to 0.03 V/μm. As the field strength is increased further, part of the interface
closest to the anode becomes free of CTA+ surfactant ions and, as a result, tangential
boundary conditions (characteristic of the given polymer) are restored in this surface
region. For this reason, the configuration of the LC director is transformed so that the
fraction of the droplet surface that produces strong scattering of the incident radia-
tion sharply increases (see, for example, Figure 7.8(a), bottom row). These changes in
the orientational structure of NLC droplets are clearly manifested in the macroscopic
optical response.
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Figure 7.11 shows the typical time-evolved waveforms of the optical response of a
PDLC film to electric field pulses of various amplitudes. The light transmission T
of the film for a normally incident light was 0.77 at small electric field strength up
to E = 0.03 V/μm. The application of a field with E = 0.04 V/μm leads to a decrease in
the optical transmission, which can be plainly explained for the employed scheme
of measurements by the enhanced light scattering by the NLC droplets with a mod-
ified orientational structure. After switching off the field, the transmission is re-
stored to the initial level within a time of approximately 11 s. The dependence of the
transmittance change, ΔT∝ E, exhibits saturation at E = 0.05 V/μm (Figure 7.11(a)),
for which it reaches a level of ΔT∝ 0.23 (Figure 7.12). This value of ΔT is retained as
the field strength is increased up to E = 0.07 V/μm (Figure 7.11(b)) and decreases with
further growth in the field strength.

Analogous variations can be traced for the field dependences of the dynamic parame-
ters of the optical response (Figure 7.12). The response switch-on time τon decreases
to 10 s at E = 0.07 V/μm, which is explained by a diffusion character of the ion motion.
Indeed, the higher the field strength, the shorter time is sufficient to destroy the screen-
ing layer of ionic surfactant at the surface of NLC droplet. However, this tendency is
only retained until E = 0.07 V/μm. As the field strength increases further, the τon value
begins to increase, exhibits a local maximum at E = 0.08 V/μm, and then drops again.
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Figure 7.11: Oscillograms of the optical response of a PDLC film to electric field pulses of various
amplitudes: E = 0.05 V/μm (a) and E = 0.07 V/μm (b). T is a light transmission of the PDLC cell.
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In contrast, the relaxation process exhibits no such a strong dependence on the applied
field amplitude. The relaxation time varies within τoff = 10–20 s. In the range of field
amplitudes up to E = 0.08 V/μm, this value first somewhat increases and then begins to
decrease.

Thus, using the ionic-surfactant method to modify the surface anchoring of NLC
droplets in PDLCs, it is possible to transform the orientational structure of LCs and,
hence, to control the macroscopic optical characteristics of these composite films. A
specific feature of this method is the use of a DC electric field, whose switch-off
leads to recovery of the initial LC state. The optical response exhibits a threshold
character of its dependence on the applied field strength. In a sample used in this
study, the reorientation proceeds rather slowly, with a minimum response and re-
laxation times of about 10 s. However, as it will be shown later, the response speed
may be increased by optimizing the composition, structure of LC material, and experi-
mental conditions. An evident advantage of ionic-surfactant operation (ISO) method
is the small strength of the control field, which is three times less compared with that
for conventional PDLC films with analogous morphology parameters (Doane, 1991)
that operate based on the Frederiks effect.

7.2.5 Bistability in polymer-dispersed cholesteric liquid
crystals operated by ionic-surfactant method

In this section, a memory effect is considered which is caused by the ionic modifi-
cation of the surface anchoring under the action of electric field in the polymer-
dispersed ChLC (PDChLC) films.

Lately, technologies aimed at reducing the energy consumed by LC devices have
been developing extensively. One of the effective solutions to this problem can be
based on the use of a bistability phenomenon that allows a preset optical state to be
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Figure 7.12: Plots of the transmittance modulation ΔT, optical response time (τon) and relaxation
time (τoff) versus applied electric field strength E for the PDLC film.
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retained in the absence of an electric field. In this respect, much attention is devoted
to ChLCs in which the bistable optical states of various types can be realized (Ber-
reman and Heffner, 1981; Crawford and Zumer, 1996; Grawford, 2005; Greubel,
1974; Hsu et al., 2004; Yang, 2006; Yang et al., 1997). A most widely used effect
that is already employed in display devices consists in switching a ChLC between sta-
ble states with a planar structure and a focal conic domain structure (Crawford and
Zumer, 1996; Yang, 2006; Yang et al., 1997). The cholesteric helix pitch P must be
much smaller than the size D of a cavity filled with the LC. The planar structure of a
ChLC selectively reflects the circularly polarized light component, while the domain
structure intensively scatters all radiation. If a ChLC is put onto a light absorbing sub-
strate, the cell would reflect the light at a certain wavelength in one state and appear
black in the other state. This effect is operative in both planar ChLC layers and ChLC
droplets dispersed in a polymer film (Crawford and Zumer, 1996; Yang et al., 1997).
The latter case is of special interest, since it enables the development of flexible bi-
stable reflective displays (Yang, 2006), although the small pitch of the cholesteric
helix makes necessary large control voltages. The memory effect is also character-
istic of PDChLC films with a helicoid pitch comparable to the diameter of ChLC drop-
lets (P ≅D) (Zyryanov et al., 1994), but the retention of recorded information in this
case requires a supporting voltage (Barannik et al., 2005).

The aim of this study was to assess the alternative possibility of using PDChLC
films in bistable optoelectronic devices and displays with nonvolatile data storage.
The samples of PDChLC films were prepared by the emulsification of a ChLC in an
aqueous solution of PVA plasticized by glycerin (Gl), followed by the evaporation of
solvent (Drzaic, 1995; Klingbiel et al., 1974). The ChLC was a mixture of nematic LC
5CB with 1.5 wt% of ChA. The cationic surfactant CTAB was dissolved in the ChLC
mixture before the preparation of emulsion. The ratio of components in the obtained
ChLC–PVA–Gl–CTAB composition was 1:19:6:0.1 (w/w). At this concentration, CTA+

ions adsorbed on a polymer surface form a layer that changes the surface anchoring
from tangential to homeotropic (Zyryanov et al., 2008b).

The photographs in Figures 7.13–7.15 show the fragments of PDChLC films in
various states as observed in crossed polarizers. PDChLC film was confined be-
tween two glass plates with transparent ITO electrodes. This sandwich structure
was arranged between crossed polarizers, and an AC electric signal of rectangular
or sinusoidal shape was applied to the electrodes. The radiation of a semiconduc-
tor laser operating at λ = 658 nm was transmitted through the optical cell and de-
tected by photodiode, and the output signal of which was analyzed using a digital
oscilloscope.
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The PDChLC film thickness was 75 μm. The ChLC droplets in the film plane had
round shapes with an average diameter of 9 μm. These droplets were arranged in
the film without overlap, which allowed the orientational structure of ChLC to be iden-
tified. In ChLC droplets without a surfactant, a twisted bipolar configuration of the
LC director was formed, which correspond to a tangential anchoring. ChLC droplets

0
0 1 2 3 4 5 6 7 8

40

20μm20μm

U, V

30
20
10
0

–10
–20
–30
–40

3
6
9
12
15
18
21
24
27

T, %

Time, s

Figure 7.13:Waveforms of applied electric voltage U (top) and optical transmittance of a PDChLC film
switched from the initial state with a twisted radial structure into a stable intermediate state (bottom).
Photographs of film fragment in equilibrium states before (top row, left) and after (top row, right)
electric field application. Here and below, the photographs are taken in crossed polarizers oriented
parallel to picture sides.
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containing about 10% CTAB exhibited a twisted radial structure corresponding to a
homeotropic orientation of LC molecules on the surface of the polymer matrix. The
optical textures of these droplets in crossed polarizers resemble a bent Maltese cross
(Figure 7.13, top row, left). Since the droplet transmits only a fraction of the incident
light, while the optically isotropic polymer matrix does not transmit light in crossed
polarizers, the total optical transmittance of a PDChLC film in the initial state amounts
to only about 12% (Figure 7.13).

Under the action of an applied electric field, the ChLC droplets can transform
into either the stable state with a homogeneous orientation of the director perpen-
dicular to the film plane or into some intermediate stable structures. In the former
case, the birefringence of the ChLC does not manifest and the light is not transmitted
through these droplets (Figure 7.14, top row, right). Note that a small fraction of drop-
lets (not exceeding 2% for the sample studied) does not transform into a homoge-
neous state, which accounts for a weak residual transmittance (Figure 7.14, top row,
right). In the intermediate states, the LC director in the central part is close to the nor-
mal to the film surface and is tilted in the equatorial region. For this reason, the light
only passes through the side regions (adjacent to the visible boundaries) of droplets
(Figure 7.13, top row, right).

Thus, the optical transmittance of the PDChLC film in stable states can vary
within 1.5–12%. From the initial state with T = 12%, the PDChLC film can be switched
to stable intermediate states by applying rectangular electrical signal at a frequency
of 1 Hz (Figure 7.13). Under the action of this AC field, ChLC droplets exhibit a compli-
cated process of transformation of the orientational structure, which involves the con-
tributions of various physical phenomena including the Frederiks effect, modification
of boundary conditions, and electrohydrodynamic instability related to the ion trans-
port. The reorientation of the droplets manifests in the form of optical response, which
varies during the electric signal within T = 2.0–24.5%. After switching off, the droplets
relax within about 3 s to an equilibrium intermediate state. The resulting transmittance
can be controlled by varying the number, amplitude, and duration of pulses.

The minimum optical transmittance in a stable intermediate state achieved for
the given samples controlled by rectangular pulses was about 4.5–5%. This value
can be further reduced to 1.5%, but this requires applying a 1.3 kHz sinusoidal sig-
nal for 2 s after the rectangular pulses (Figure 7.14). This additional action leads to a
homogeneous orientation of the LC director in droplets and the resulting almost
complete darkening of the optical picture (Figure 7.14, top row, right). After this
transition to a homogeneous orientation, only a small fraction of droplets (about
1%) can relax over time (for the first 100 h) to an intermediate structure, after which
the system is completely stabilized.

Both intermediate and homogeneous structures of ChLC droplets can be re-
turned to the initial state by applying rectangular voltage pulses with a frequency of
2 Hz, for example, to return droplets into the initial state with a twisted radial con-
figuration of the director and the corresponding optical transmittance, it is possible
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to use the sequence of signals shown in Figure 7.15, with a gradually decreased
(from 40 to 25 V) amplitude.

Thus, using ionic surfactants that modify the boundary conditions under the ac-
tion of an applied electric field, it is possible to obtain many stable structural and op-
tical states of a PDChLC film containing weakly twisted ChLC (i.e., with helicoid pitch
comparable to the droplet size). This film material has good prospects for the develop-
ment of electro-optical devices that do not require a fast response (electronic books,
optical shutters, smart windows, etc.), but ensuring nonvolatile conservation of re-
corded information or a preset level of optical transmittance. Additional advantages
of the proposed material are related to its flexibility, mechanical strength, and simple
manufacturing technology.
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Figure 7.14:Waveforms of the control sinusoidal electric voltage U (top) and optical response of a
PDChLC film switched from an intermediate state into a stable state with homogeneous LC director
orientation in the droplets (bottom). Photographs of the film fragment in an intermediate state (top
row, left) and in a stable state with homogeneous director orientation perpendicular to the film
plane (top row, right).
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The list of LC structures to which the ISO method can be applied is not restricted
by the PDLC materials. These can be various LC structures in which the role of the
substrate or matrix is performed by solid media, polymers, liquids, and others.
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Figure 7.15:Waveforms of control electric voltage U (top) and optical response of a PDChLC film
switched from a state with homogeneous LC director orientation into the initial state with a twist
radial structure in the droplets (bottom). Photographs of the film fragment in a state with
homogeneous director orientation perpendicular to the film plane (top row, left) and in a state with
a twist radial structure in the droplets (top row, right).

7 Liquid crystals doped with ionic surfactants 301



7.3 Liquid crystal layers controlled by
ionic-surfactant method

7.3.1 Ionic-surfactant-doped nematic layer with homeotropic–
homeoplanar configuration transition

LC cells consisting of two glass substrates with transparent ITO electrodes on the
inner sides and a nematic layer between them can also be controlled by the ISO
method. The nematic LC 5CB doped with CTAB was used in the experiments. Poly-
mer films with a thickness of about 1.5 μm were preliminarily deposited on the elec-
trodes. These films serve simultaneously as an orienting coating and a protective
layer preventing the contact of surfactant ions with the electrodes. Polymer films
based on PVA and glycerin solved in water were formed by the method of spin coat-
ing of the solution with subsequent drying. It is known that such films specify planar
boundary conditions for the nematic 5CB (Cognard, J. 1982). The easy orientation axis
was formed by the mechanical rubbing of the polymer surface in a required direction.
The cells were filled with the LC by the capillary method in the isotropic phase. The
thickness of the LC layer in the samples under study was about 6 μm.

The optical textures of nematic layer were studied by POM Axio Imager A1 (Carl
Zeiss), which allows taking the photo and video recording of proceeding processes.
The observations and measurements were carried out in the crossed polarizer geom-
etry. Rectangular monopolar pulses of the electric field from an AHP 3122 (AKTA-
KOM) generator were applied to the ITO electrodes. To study the dynamics of the
macroscopic optical response of LC cell, we used a He–Ne laser (Linos) with a wave-
length of λ = 633 nm. The laser radiation passed successively through the polarizer,
an LC cell, and an analyzer and arrived at a photoreceiver. The diameter of the cross
section of the laser beam was 1 mm. The angle between the direction of the rubbing
of the substrates and the direction of polarizers was 45°.

Figure 7.16 shows the scheme for implementing the effect of the electrically con-
trolled modification of the surface anchoring. It is necessary to choose the concen-
tration of CTAB in 5CB such that the nanolayer of CTA+ cations adsorbed at the
interface can screen the planar orienting action of the polymer film and specify the
homeotropic surface anchoring (inverse ISO mode). In this case, the homogeneous
ordering of the director oriented perpendicularly to the substrates appears in the
entire nematic layer in the initial state (see Figure 7.16(a)). When a static electric
field is applied, surfactant ions move toward the corresponding electrode and one
of the substrates becomes free of the layer of CTA+ surface-active cations. As a re-
sult, planar anchoring conditions characteristic of a polymer coating are formed
on this substrate (Figure 7.16(b)). Finally, the orientational transition from the ho-
meotropic structure to the hybrid homeoplanar configuration of the director oc-
curs in the LC cell.
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The experimental conditions necessary for implementing the schemes described
above can be ensured with the use of polymer coatings with the weight ratio of com-
ponents PVA:Gl = 1:0.243 and nematic 5CB doped with the ionic surfactant in the
ratio of 5CB:CTAB= 1:0.01. The photographs of the optical textures of the LC cell are
shown in Figure 7.17, where the electrically controlled switching of surface anchoring
is demonstrated. One of the substrates (bottom) was preliminarily rubbed, whereas
the other substrate (top) was used without rubbing. In the initial state, light does not
pass through the optical system irrespective of its azimuthal rotation in crossed polar-
izers (see Figure 7.17(a)). This indicates the homeotropic orientation of the director
throughout the entire nematic layer. When a DC electric field directed from bottom to
top is applied (Figure 7.17(b)), the homogeneous bright pattern of LC layer is observed
in the steady-state regime. This means that the homogeneous planar ordering of the
director oriented along the rubbing direction R over the entire area is formed on the
bottom substrate. When the polarity of the electric signal is changed, the transmittance
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Figure 7.16: Scheme for implementing the effect of the ionic modification of the surface anchoring
in the nematic layer. Electric field is switched off; the number of CTA+ ions adsorbed at the interface
is sufficient for the formation of homeotropic anchoring on the top and bottom substrates (a).
Bottom substrate under DC electric field becomes free of CTA+ ions; the orienting polymer film on
this substrate specifies the planar ordering of the liquid crystal (b).

Figure 7.17: POM images of the optical textures of the liquid crystal layer in the initial state (a) and
under the DC electric field E (b, c) directed from the bottom substrate to the top one (b) and from the
top substrate to the bottom one (c). The value of applied DC voltage is U= 3 V. The bottom substrate
was rubbed in the direction R at an angle 45° to the polarizers. The top substrate was not rubbed.
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is high, but the optical pattern becomes sharply inhomogeneous (Figure 7.17(c)). This is
explained by the absence of an azimuthally preferable direction (easy orientation axis)
on the unrubbed substrate with planar anchoring.

These changes of the transmittance of LC cell cannot be attributed to the classi-
cal Frederiks effect (Freedericksz and Zolina, 1933) because the nematic 5CB with
Δε > 0 was used in the experiment. In the case of this effect, the application of the
external electric field perpendicular to the plane of the LC layer would lead to the
stabilization of the initial homeotropic orientation of the director. Thus, these obser-
vations convincingly demonstrate the anchoring transition in the planar nematic
layer, which is due to the switching of surface anchoring from homeotropic to pla-
nar on the substrate with the anode electrode.

Figure 7.18 shows photographs demonstrating the optical textures of the LC
layer for various control field strengths. In this case, both substrates were rubbed
and put so that their rubbing directions were antiparallel. The reorientation process
caused by the ionic-surfactant modification of surface anchoring is of a threshold
character. The reorientation process begins with the field strength U = 2.8 V. The
threshold character is due to the existence of the critical density of the layer of ad-
sorbed CTA+ ions below which the orienting action of the polymer coating is no lon-
ger screened. When the critical surface density is reached at certain electric field
strength, the modification of surface anchoring begins. The anchoring transition is
observed in the pure form in the range 2.8 V <U < 3.5 V (Figure 7.18(b) and (c)). At U
= 3.6 V, the formation of the texture pattern of domains mainly elongated perpen-
dicular to the rubbing directions begins in the LC layer. These domains are clearly
seen at U = 4.0 V (Figure 7.18(d)). The formation of domains can be attributed to var-
ious surface phenomena (Proust and Ter Minassian Saraga, 1972), and the analysis
of which is beyond the scope of this work.

The texture patterns considered above correspond to the equilibrium state of modi-
fied boundary conditions under DC voltage. However, the most interesting features
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Figure 7.18: POM images of the optical textures of the 5CB layer doped with the ionic surfactant
taken under DC voltages U = 2.7 V (a), 2.9 V (b), 3.2 V (c), and 4.0 V (d). The notation is the same as
in Figure 7.17; R1 and R2 are the rubbing directions of the top and bottom substrates, respectively.
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of the effect under study are manifested in the response dynamics of LC layer near
of the leading and trailing edges of the rectangular electric pulse (Figure 7.19). The
pulse duration was 10 s. The transmittance of the cell in the crossed polarizer for the
homeotropic LC orientation in initial state (Figure 7.18(a)) is close to zero. Any deviation
of the director from the normal always leads to an increase in transmittance.

The complicated curve of the optical response can be divided into a sequence of
time intervals in each of which a certain physical effect dominates. First, a noticeable
delay of the optical response with respect to the forward edge of the electric pulse is
noteworthy (τ12 = 0.14 s, where the subscript “12” indicates two points in Figure 7.19
and the interval between which is considered). This delay appears because ions can-
not instantly block the action of switched-on external electric field E0 in the bulk of
the LC. Therefore, in this interval, the classical Frederiks effect occurs stabilizing ho-
meotropic orientation of the nematic with Δε > 0, and the transmittance remains zero.
The time of separation of the ion cloud can be approximately taken as the time of the
ions passage through the LC layer (Blinov and Chigrinov, 1993):

τT =
d2

ULC · μ
(7:2)
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Figure 7.19: Optical response of an LC cell to the pulse of an electric field of 2.8 V. Numbers at
transmittance T and voltage U curves mark the limits of the characteristic time intervals.
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where d is the thickness of the LC layer, ULC is the voltage applied to the layer,
and μ is the mobility of ions. Using the values μ = 10−6 cm2 · s−1 · V−1 (Blinov and
Chigrinov, 1993b), ULC = 1.4 V (obtained taking into account the presence of polymer
coatings), and d = 6 μm, we obtain the estimate τT = 0.26 s, which is an upper limit for
the possible action of the classical Frederiks effect. In reality, it is switched off faster
when the effective field Eeff = E0 + Ei (where Ei is the electric field of the separated
ions) decreases below the threshold value of the Frederiks transition. Indeed, the
delay time τ12 is noticeably shorter than the transit time τT.

At time instant 2, the external electric field E0 is mainly compensated by the
field of ions Ei. The planar orienting coating free of CTA+ cations on one of the
substrates begins to turn the director of the LC leading to an increase in transmit-
tance. The T curve reaches a maximum of about 68%, then decreases to 33%, and
is finally saturated. This behavior of transmittance can be predicted using the
known relation (Born and Wolf, 1999) for an anisotropic plate in crossed polar-
izers. With the parameters of our experiment, it can be written in the simplified
form as follows:

T = sin2 π
Ð d
0 ΔnðzÞdz

λ

 !
(7:3)

The numerator is the integral optical path difference for the ordinary and extraordi-
nary beams on the thickness of the LC layer and λ is the wavelength of laser radia-
tion. For the homeotropic nematic layer, the integral is in eq. (7.3) and, hence, the
transmittance is zero. For the homeoplanar layer of LC 5CB (n|| = 1.7057, n⊥ = 1.5281
at t = 25 °C and λ = 0.633 μm (Bunning et al., 1986)) with a thickness d = 6 μm, this
integral gives 0.511 μm in the approximation of a linear change of director slope
over the thickness of the layer. This means that, when the orientational structure of
LC varies smoothly from the homeotropic structure into the homeoplanar one, the
transmittance increases to a maximum at an integral value of 0.317 μm and then
decreases to T = 32%, corresponding to an integral value of 0.511 μm. This behavior
of transmittance is in good agreement with the experiment. It confirms the forma-
tion of the homeoplanar structure in the electric field.

The time of reaching the steady-state regime τ23 = 0.75 s is in essence the time of
the switching of surface anchoring plus the relaxation time of the homeotropic con-
figuration in LC bulk into the homeoplanar structure (Figure 7.20(a)). The relaxation
processes in LC are described by the formula (Blinov and Chigrinov, 1993)

τrel =
γ · d2
π2 ·K (7:4)

where γ is the rotational viscosity of LC and K is the corresponding elasticity modu-
lus. Taking the average value K = 6.3 pN (Cui and Kelly, 1999b) and γ = 0.09 Pa·s
(Skarp et al., 1980b) for the 5CB LC, we obtain τrel = 0.05 s. The τ23 value is larger
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than τrel by a factor of 15 apparently because of the total effect of two orientational
processes indicated above.

The transmittance curve behavior after the switching off electric pulse is even
more complicated. In this case, LC layer at the beginning is subjected to the field of
separated ions Ei = E0. The classical Frederiks effect again occurs and is manifested
in the reorientation of most of LC bulk along the field except for a thin layer near
the lower substrate (Figure 7.20(b)). In the time interval τ45 = 0.02 s, the transmit-
tance undergoes the inverse evolution, first increasing to the same value of 68%
and, then, decreasing to 14%. The complete quenching is impossible because of the
presence of the above-mentioned surface region, where a certain phase mismatch-
ing of the beams is collected. The switch-on time of the classical Frederiks effect is
given by the formula (Blinov and Chigrinov, 1993)

τon =
γ ·d2

ε0 ·Δε ·E2 ·d2 − π2 ·K (7:5)

where Δε is the dielectric anisotropy of the nematic and E is the electric field strength
acting on LC. Taking the above γ, d, and K values, as well as Δε = 11.2 (Chandrasekhar,
1977b) and E = 0.23 × 106 V/m, which were calculated considering the polymer coat-
ings, we obtain τon = 0.03 s. This estimate exceeds τ45 because the reorientation of LC
by the field of ions in experiment remains incomplete. After the external field is
switched off, two clouds of separated ions move toward each other. This leads both to
a decrease in the LC layer between them, which is subjected to the field Ei, and to a
gradual decrease in the field to zero. At the same time, the nematic layer adjacent to
the electrode from which bromide anions leave grows rapidly. The recovery of the ho-
meoplanar structure begins here. This process becomes dominant at time instant 5 and
lasts at τ56 = 0.3 s. This reorientation is in essence like a local transition in interval τ23.

The process begins to complete at time instant 6; when surface-active CTA+

ions approach, owing to diffusion, the substrate with the planar orienting coatings
(Figure 7.20(c)). They are adsorbed on this substrate and begin to form the homeo-
tropically orienting layer, returning the orientational structure of LC to the initial
state (Figure 7.20(d)). In this case, the character of a transmittance change be-
comes opposite. For this reason, the shape of the curve section in the interval τ67
is an almost specular reflection of the interval τ56 at point 6, but is extended in
time to the value τ67 = 0.95 s.

Hence, compared with the classical Frederiks effect, where oscillations of the op-
tical response to the leading and trailing edges of the rectangular electric pulse co-
incide in the number of extrema (Blinov and Chigrinov, 1993b), anchoring transition
leads to a more complicated behavior of transmittance (Sutormin et al., 2012).

In addition, we considered the applied voltage dependences of the optical re-
sponse dynamics of LC cell under study. Figure 7.21 shows the control electric pulses
and optical response for several field values. Without an electric field, the transmit-
tance of the cell is close to zero, and transmittance remains invariable as the control
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voltage increases up to U = 2.5 V. When U = 2.6 V is attained, the variation in the trans-
mittance of LC cell is observed: it reaches the maximum of 67% and then decreases to
29% by the time of the end of the electric pulse (Figure 7.21(a)). This variation is ex-
plained by the transition of the director from the homeotropic orientation into the hy-
brid (homeoplanar) one due to the ionic modification of the surface anchoring. An
increase in the control field leads to gradual growth of the transmittance at the
electric pulse finish to 64% at U = 3.1 V (Figure 7.21(b) and (c)). However, with further
increase in the voltage, T gradually drops to 50% (Figure 7.21(d)). The physical
mechanisms underlying the specific behavior of the curve T(τ) during the action
of an electric pulse and after its switching off were described in detail above.

Figure 7.22 presents voltage dependences of the dynamic parameters of the opti-
cal response. Let us consider the first delay time τdel determined as the time interval
between the electric pulse switching on and the start of the transmittance variation
(Figure 7.21(a)). As the pulse amplitude grows from 2.6 to 3.3 V, delay time τdel drops
from 1.6 to 0.1 s (Figure 7.22(a)). In contrast to the voltage dependence of τdel, the de-
pendence of the on-time τon determined as the interval between the electric pulse
start and transmittance saturation (Figure 7.21(d)) is non-monotonic (Figure 7.22(b)).
The value of τon rapidly decreases from 4.8 to 0.8 s in the voltage range 2.6–2.8 V.
This drop in τon is caused by the acceleration of the modification of the surface an-
choring on the substrate with the anode. However, at U = 2.9 V, τon jumps from 0.8 to
3.4 s, and then the on-time smoothly decreases again to 2.1 s at U = 3.3 V. It should be
noted that an analogous anomaly was observed above in PDLC film controlled by the
ionic-surfactant method (Krakhalev et al., 2011). In the range 2.6–2.8 V, τoff grows from
0.3 to 1.1 s and then remains almost invariable up to 3.3 V (Figure 7.22(a)). Such a be-
havior is typical of many relaxation processes occurring, in particular, in LC cells with
the classical Frederiks transition (Blinov, 2011).

The anchoring transitions in LC layers are very sensitive to the concentration and
composition of the components. A key role of the protective layer should be noted,
which prevents the direct arrival of surfactant ions at the ITO electrodes. In the ab-
sence of this layer in our experiments, as well as in Petrov and Durand (1994), electro-
hydrodynamic instability dominated in the transformation of the LC structure and
prevented the observation of the modification of boundary conditions.
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Figure 7.20: Distributions of the director and surfactant ions in the liquid crystal layer at time
instants marked by the following numbers in Figure 7.19: (a) 4, (b) 5, (c) 6, and (d) 7.
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7.3.2 Electrically induced anchoring transition in nematics
with small or zero dielectric anisotropy

These experiments were carried out with sandwich-like cells (Figure 7.16). The rubbed
polymer films based on the PVA doped with Gl in the weight ratio PVA:Gl = 1:0.29
were used as orienting coatings. The utilized LC materials were the nematic LC
MBBA with Δε = − 0.54 at 25 °C and the MBBA–5CB mixture in the weight ratio
1:0.02, respectively. The MBBA–5CB mixture had the zero dielectric anisotropy.
The nematics were preliminarily doped with ionic-surfactant CTAB in the weight
ratio LC:CTAB = 1:0.008.

Since the main factor influencing the anchoring transition is the displacement
of the surface-active ions, the same variant of the director reorientation can be real-
ized for the different LCs independently of the sign and value of their dielectric
anisotropy (Figure 7.16). For instance, the transition from the homeotropic director
configuration to the homeoplanar one caused by the ionic modification of surface
anchoring begins at U = 2.7 V for the cell based on MBBA (Δε < 0) doped with
CTAB. This value is close to the threshold voltage (Uth = 2.8 V) of 5CB cell operated
by the ionic-surfactant method. The reorientation of MBBA cannot be explained by
the Frederiks effect since the threshold field would be about 4 V for our cell. The
reorientation of LC director is not accompanied by the electrohydrodynamic insta-
bility in the range of the control voltage 2.7 V ≤ U ≤ 4 V. The domain structure was
formed only at the voltage U ≥ 4.1 V. The on/off time of the MBBA cell under the
action of rectangular electric pulse is tens of seconds and exceeds the same pa-
rameters for the 5CB cell (∝1 s).

It should be emphasized that the analogous transformation of the orientational
structure (Figure 7.16) occurs for the nematic with zero dielectric anisotropy. In the
inserts of Figure 7.23, we demonstrate the change in the optical texture of the LC

(a) (b)

Figure 7.22: Control voltage dependences of delay time τdel (a), relaxation time τoff (a) and on-time
τon (b) of LC cell.
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cell based on the MBBA–5CB mixture (Δε = 0) doped with CTAB and placed between
the crossed polarizers under the action of DC electric field. In the initial state, the
optical texture of the LC layer is a uniform dark area (left insert of Figure 7.23). The
DC electric field induces the modification of the surface anchoring which results in
the formation of the hybrid LC structure. This transition leads to the increase of the
light transmission of the system (right insert of Figure 7.23). As for other LCs, the
reorientation in the cell filled with MBBA–5CB mixture (Δε = 0) exhibits a threshold
character starting from 3 V which is approximately equal to the threshold voltages
of 5CB cell and MBBA cell operated by the ionic-surfactant method. At the control
voltage 3.0 V ≤U ≤ 4.1 V, the optical texture of LC layer is a uniform light area with-
out a domain structure which begins to form at U > 4.1 V. Thus, the ionic-surfactant
method provides an opportunity of the electrically controlled director reorientation
of LC with zero dielectric anisotropy.

7.3.3 Ionic-surfactant-doped nematic layer with homeoplanar–
twisted configuration transition

In this section, the transition from the homeoplanar orientational structure to the
twisted one induced by the ionic modification of surface anchoring is considered.
Such orientational transition leads to a decrease in switching times of LC cell with

U = 0 V U = 4 V

100 μm
R1

R2

Figure 7.23: Optical response of LC cell based on the MBBA–5CB mixture (Δε = 0) doped with CTAB
(the top curve) and electric 4 V pulse (the bottom curve). The inserts show optical textures of LC cell
in the initial state (left insert) and under the DC electric field 4 V (right insert). R1 and R2 are rubbing
directions of the top and bottom substrates, respectively.
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ISO. LC cell under study was comprised of two glass substrates with ITO electrodes
covered by different polymer films and nematic layer between them (Figure 7.24).
The bottom substrate was coated with PVA, while the film of PVA doped with glyc-
erin compound (Gl) in the weight ratio 1:0.432 was deposited at the top substrate. The
polymer films were formed using a spin coating technique and then were rubbed. The
rubbing directions of polymer films at both substrates were mutually perpendicular.
The cell gap was filled with LC 5CB containing CTAB in the weight ratio 1:0.008. The
LC layer thickness was 6 μm.

Figure 7.24 demonstrates the scheme of transition from the homeoplanar orienta-
tional structure to the twisted configuration. The homeoplanar director configuration
was realized, owing to the different polymer films at the substrates of the LC cell. The
homeotropic surface anchoring was formed at the top substrate covered with PVA–Gl
film (Figure 7.24(a)). The PVA and glycerin assign the planar boundary conditions for
nematic (Cognard, 1982; Volovik and Lavrentovich, 1983), but the surface-active CTA+

cations adsorbed at the top substrate screen the orienting action of the PVA–Gl film
and specify normal boundary conditions. The film of pure PVA deposited at the bot-
tom substrate specified the planar surface anchoring for considered concentrations of
CTAB in 5CB. Probably, the pure PVA exhibits a stronger planar action than the PVA
containing Gl.

The applied DC electric field of suitable polarity leads to the decrease of the surface
density of the CTA+ cations at the top substrate and the planar surface anchoring is
formed at this substrate (Figure 7.24(b)). The planar boundary conditions at the bot-
tom substrate remain unchanged. As a result, the 90° twisted director configuration
is realized in the LC cell due to the mutually orthogonal rubbing directions at the

ITO electrodes

glass substrate

+ + + + + + + + + + + +

+++++++- - - - - - -

+ + + + + + +- - - - -
-

-

- - - - - - - - - - - - -
PVA + Gl

(b)(a)

CTA+ Br-LC -+

PVA

Figure 7.24: Scheme of transition of nematic layer from the homeoplanar orientational structure
(a) into the twisted one (b) induced by the ionic modification of surface anchoring. (a) In the
absence of electric field, the planar boundary conditions are formed at the bottom substrate while
the surface anchoring at the top substrate is homeotropic. (b) The application of DC voltage with
indicated polarity initiates the modification from homeotropic boundary conditions to planar one at
the top substrate. At the same time, the surface anchoring at the bottom substrate is unchanged.
The rubbing directions of the polymer orienting coatings are mutually orthogonal.
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substrates. The described orientational transition corresponds to the inverse regime
of electrically controlled ionic modification of surface anchoring which was ob-
served previously inside the nematic droplets (Zyryanov et al., 2008).

The changes of the optical texture of the LC layer caused by the transition from
homeoplanar orientational structure to the twisted one are demonstrated in Figure 7.25.
In the initial state, the LC cell placed between crossed polarizers was observed as uni-
form dark area when α angle between rubbing direction of the bottom substrate (R1)
and polarizer was 0° or 90° (Figure 7.25(a) and (c), first row). The brightest optical tex-
ture appeared at α = 45° (Figure 7.25(b), first row). Such changes of optical texture are
the evidence that the homeoplanar orientational structure was formed in the LC cell. It
should be noted that the LC cell with uniform planar director configuration shows simi-
lar changes of optical textures when the sample is rotated between crossed polarizers.
However, in LC cell under study the rubbing directions of orienting layers at both sub-
strates were mutually orthogonal and, consequently, the untwisted planar configura-
tion was unrealizable.

The optical textures of LC cell placed between crossed polarizers are not dark at
any α angle when the DC voltage of 3.3 V was applied to the sample (Figure 7.25,
second row). At the same time, the dark optical texture was observed in the scheme
of parallel polarizers when α angle was equal to 0° or 90° (Figure 7.25(a) and (c),
third row). It shows that the LC layer rotated a light polarization by 90°. Thus, the
twisted director configuration was formed in the sample under the applied voltage.

It should be emphasized that the changes of LC patterns cannot be attributed to
the Frederiks effect (Chandrasekhar, 1977), since the nematic 5CB has the positive
dielectric anisotropy, and the electric field applied perpendicularly to the LC layer
would lead to the formation of homeotropic director configuration. LC cell with
such director configuration placed between crossed polarizers exhibits the dark
optical pattern for any α angle. However, this disagrees with experimental observa-
tions (Figure 7.25, second row). Consequently, the observed changes of optical texture
initiated by the ionic modification of boundary conditions at one of the substrates
confirm the transition of nematic layer from the homeoplanar orientational structure
into the twisted configuration.

Figure 7.26 shows the electro-optical response of the LC cell placed between crossed
polarizers. An LC cell is controlled by square-wave monopolar (Figure 7.26(a) and (b))
and bipolar (Figure 7.26(c)) electric pulses. The positive-polarity pulse amplitude is 3.3 V
and its duration is 9.8 s. For negative-polarity pulse, the amplitude is 2.2 V and its dura-
tion is 0.16 s.

The change of light transmittance of the LC cell with α = 45° is presented in
Figure 7.25(b), and first and second rows are shown in Figure 7.26(a). The reorien-
tation of LC induced by the ionic modification of surface anchoring leads to the
change of phase retardation between two linearly polarized components of light
passed through the nematic layer. For this case, the values of both on-time τon and
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off-time τoff were close to the response times of the LC cell with transition from home-
otropic director configuration to homeoplanar one (Sutormin et al., 2012, 2013).

The optical responses of the LC cell for α = 0° or 90° (see Figure 7.25(a) and (c),
first and second rows) are presented in Figure 7.26(b) and (c). In this case, the single
linearly polarized light component passes through the nematic layer. When the elec-
tric field is switched off, the light transmission of LC cell with homeoplanar orienta-
tional structure is close to zero. The positive-polarity pulse of the applied electric field
leads to the formation of the twisted director configuration and the transmittance
grows to 60%.

When the monopolar electric pulse is applied (Figure 7.26(b)), the values of τon
and τoff for LC cell with α = 0° or 90° are equal to 190 and 240 ms, respectively.
These values are much less than the switching times both of the LC cell for α = 45°
(Figure 7.26(a)) and the LC cell with homeotropic–homeoplanar configuration tran-
sition (Sutormin et al., 2012, 2013).

Figure 7.25: Photos of LC cell filled with 5CB containing CTAB taken in crossed polarizers scheme
(first and second rows) and in parallel polarizers (third row). The α angle between the rubbing
direction of the bottom substrate (R1) and the polarizer is 0° (a), 45° (b), and 90° (c). R2 is the
rubbing direction of the top substrate. The first row presents the switched-off state. The second
and third rows are the optical patterns under DC voltage U = 3.3 V.

314 Mikhail Krakhalev et al.



The switching-off time of the LC cell with ISO can be considerably decreased by vary-
ing the waveform of the electric pulse. For instance, the application of the bipolar electric
pulse allowed decreasing τoff to 11 ms (Figure 7.26(c)). When the negative-polarity electric
pulse was applied to the LC cell, the CTA+ cations returned to the top substrate faster
and, consequently, the homeoplanar orientational structure was restored more rapidly.

It should be emphasized that other methods to decrease the switching times of LC
cells with ISO can be implemented; for instance, the utilization of LCs with lower
viscosity and the decreasing of LC layer thickness.

7.3.4 Electrically induced anchoring transition
in the ionic-surfactant-doped cholesteric layers
with different confinement ratios

Electrically induced anchoring transition in the ionic-surfactant-doped cholesteric layers
with confinement ratio ρ < 1. In this section, a reorientation of ChLC with a large helix
pitch induced by the electrically controlled ionic modification of the surface anchoring

(a)

(b) ( )с

τon = 0.19 s τoff = 0.24 s

τon = 1.8 s τoff = 1.1 s

τon = 0.19 s τoff = 11 ms

Figure 7.26: Optical responses of LC cell filled with nematic 5CB containing CTAB in crossed
polarizers. The LC cell with α = 45° was controlled by a monopolar electric pulse (a), with α = 0° or
90° controlled by a monopolar electric pulse (b), and with α = 0° or 90° controlled by a bipolar
electric pulse (c). τon and τoff represent the on-time and off-time, respectively.

7 Liquid crystals doped with ionic surfactants 315



is considered (Sutormin et al., 2017). LC cells under study comprises two glass sub-
strates with ITO electrodes coated with polymer films and the cholesteric layer between
them. The polymer films based on PVA doped with glycerin compound in the weight
ratio PVA:Gl = 1:0.383 were used as orienting coatings. The polymer films were depos-
ited by spin coating and rubbed. The cell gap thickness d was set using teflon spacers
and measured by means of the interference method (Huibers and Shah, 1997) with
the spectrometer. Cholesteric mixtures were prepared using the nematic 5CB with the
chiral additive ChA in the weight ratio of 5CB:ChA from 1:0.0030 to 1:0.0155, respec-
tively. The nematic was preliminary doped with CTAB in the weight ratio of 5CB:
CTAB = 1:0.002. The helical twisting power HTP = 6.5 μm−1 of the additive ChA in the
nematic 5CB was determined with the droplet method (Candau et al., 1973). The used
mixtures had pitch 10 ≤ p ≤ 51 μm as calculated from p = 1/(HTP × cw), where cw is
weight concentration of the chiral agent. The confinement ratio ρ = d/p in LC cells
was 0.16 ≤ ρ ≤ 0.85.

Figure 7.27 demonstrates the change of optical texture of the cholesteric layer
doped with the ionic surfactant under DC voltage. In the given LC cell, the confine-
ment ratio ρ = 0.4. When the electric field is switched off, the optical texture of LC
layer in crossed polarizers is a uniform dark area (Figure 7.27(a)) independently of
the sample rotation on the microscopic stage. Such an optical texture remains in-
variable until U = 2.3 V. The latter was accompanied with the increase in light trans-
mission. In the range of control voltages 2.6 V ≤U ≤ 3.4 V, the optical texture of the
cell is a uniform bright area (Figure 7.27(b)). At that, the sample rotation relative to
the crossed polarizers does not lead to the dark texture. The optical textures shown
in Figure 7.27(b) and (c) prove this. Here, the angle α between the rubbing direction
and polarizer is 45° and 0°, respectively. Besides, at α = 0° (Figure 7.27(с)), the
dark texture is not obtained either under the analyzer rotation. At the control
voltage U = 3.5 V, the domains began to form in the LC cell and they appear
clearly at U = 3.7 V (Figure 7.27(d)).

Figure 7.27: POM images of the optical textures of the cholesteric layer doped with ionic surfactant
taken under variable control voltage U and α-angles between the rubbing direction of the bottom
substrate (R1) and the polarizer: (a) U = 0 V, α = 45°; (b) U = 3 V, α = 45°; (c) U = 3 V, α = 0°;
(d) U = 3.7 V, α = 45°. The cell gap thickness d = 8.1 μm. Confinement ratio is ρ = 0.4. R2 is the
rubbing direction of the top substrate.
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The similar changes of optical texture were observed in LC cells with ρ = 0.16
and 0.85 approximately under the same control voltage. The only difference of the
initial texture of cholesteric layer with ρ = 0.85 is the presence of a small number
of cholesteric bubbles (Kleman and Friedel, 1969). However, after the application
of AC voltage, the cholesteric bubbles disappear, and the optical texture of LC
layer is the uniform dark area.

The dark texture of LC layer in the absence of electric field (Figure 7.27(a)) and
its invariability at the sample rotation relative to the crossed polarizers indicate a
complete untwisting of the cholesteric helix and the formation of the homeotropic di-
rector orientation due to the ionic-surfactant CTAB added (Figure 7.28(a)). The cho-
lesteric helix untwisting occurs as an effect of the normal anchoring of LC molecules
with the substrates (Harvey, 1977). The formation of homeotropic or twisted struc-
tures within the cholesteric layer with rigid normal anchoring depends on the con-
finement ratio ρ. The transition threshold ρth value is defined by the following
equation (Zel’dovich and Tabiryan, 1981):

ρth =K33= 2K22ð Þ (7:6)

where K33 and K22 are elastic constants of the bend and twist deformations in LC,
respectively. When ρ < ρth, the helix pitch is completely untwisted inside the LC cell
with rigid normal anchoring. The twist structure is formed at ρ > ρth. The typical ma-
terials have the threshold value ρth of about 1 (Oswald et al., 2000). The samples
under study have ρ < 1, which makes the helix pitch completely untwisted in the ini-
tial state.

When the DC electric field is applied, the surface anchoring on the electrode–
anode substrate is modified, and the planar anchoring proper to the polymer orient-
ing coating is restored at this substrate. The modification of the boundary conditions
results in the reorientation of the LC structure and, consequently, in the change of the
optical texture of the LC cell in the crossed polarizers (Figure 7.27(b)). Since the con-
sidered optical texture does not get dark completely during the sample rotation on
the microscope stage relative to the crossed polarizers (Figure 7.27(b) and (c)), it
means that the twisted orientational structure is formed within the LC layer. Thus,
the optical textures of the LC layer presented in Figure 7.27(b) and (c) correspond to
the hybrid-aligned cholesteric (HAC) structure (Belyaev et al., 1988; Dozov and Pen-
chev, 1986; Hsiao et al., 2015; Lewis and Wiltshire, 1987; Ryabchun et al., 2015). Its
orientational structure is schematically shown in Figure 7.28(b). It should be empha-
sized that the observable changes of optical texture cannot be induced by the Freder-
iks effect because the LC used in our experiment has positive dielectric anisotropy. In
this case, the Frederiks effect could result only in the stabilization of the initial home-
otropic director configuration.

As mentioned above, the optical texture (Figure 7.27(c)) does not become dark
completely under the analyzer rotation when the polarization direction of incident
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Figure 7.28: Scheme of the orientational transition induced by the DC electric field inside the cell
filled with the ChLC doped by the ionic surfactant. The homeotropically aligned LC layer in initial
state (a). The cholesteric layer with a hybrid structure is formed, owing to the homeotropic–planar
change of surface anchoring on the electrode–anode substrate (b). θ is a tilt angle and ϕ is a twist
angle. The bottom row is a top view.

Figure 7.29: Calculation data of tilt angle θ and twist angle ϕ of the director versus the z-coordinate
perpendicular to the cell substrates for the hybrid-aligned cholesteric structure. z = 0 and
z = 8.1 μm correspond to the substrates with planar and homeotropic surface anchoring,
respectively. Thickness of the LC layer is d = 8.1 μm. The helix pitch is p = 21 μm.
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light coincides with the substrate rubbing direction. It indicates that the light after
passing through the layer of hybrid-aligned ChLC is no longer linearly polarized.
The light polarization change for such a system has been simulated. First, the chole-
steric orientational structure within the cell was calculated by means of the energy
minimization of elastic deformations of the director field (Timofeev et al., 2012)
under asymmetric boundary conditions. The LC surface anchoring on one of the
substrates was planar and another one was homeotropic. Then applying the Berre-
man 4 × 4-matrix method (Berreman, 1972), the light polarization after the LC-layer
transmission was simulated. The following parameters of 5CB were used for the cal-
culations: the elastic constants of the splay deformation K11 = 5.7 pN, the twist defor-
mation K22 = 3.5 pN, and the bend deformation K33 = 7.7 pN (Cui and Kelly, 1999b);
the extraordinary and ordinary refractive indices ne = 1.7002, no = 1.5294 (λ = 632.8 nm),
respectively (Bunning et al., 1986); the thickness of LC layer d = 8.1 μm, the helix pitch
p = 21 μm, and the confinement ratio ρ = 0.4.

Figure 7.29 shows the calculation data for the hybrid-aligned cholesteric struc-
ture. The simultaneous tilt and twist of the director are shown to occur inside the LC
layer. The total twist angle of director is 98°. The Berreman method simulation has
revealed that the linearly polarized light beam (λ = 632.8 nm) passing through such
an LC orientational structure gets elliptically polarized. The ratio of major axis to
minor axis of the polarization ellipse is 3.8. At that, the β angle between the polari-
zation direction of incident light and the major axis of elliptically polarized light is
68° when leaving the LC layer.

We measured β angle depending on the control voltage value. The cell was placed
between the crossed polarizers so that the rubbing direction of input substrate coin-
cided with the polarization direction of incident He–Ne laser beam. After that, the DC
voltage was applied to the LC cell. When the light transmission reached the saturation,
which corresponds to the formation of the hybrid-aligned ChLC, the minimal light
transmission of the system was found by means of the analyzer rotation. In this case,
the direction of major axis of the elliptically polarized light was perpendicular to the
analyzer direction. In the range 2.6–3.2 V of control voltages, β angle changed
from 62° to 64°, respectively. These data are in good accordance with the calcu-
lated results.

Figure 7.30 shows the oscillograms of the square-wave response of the LC cell
placed between crossed polarizers. The pulse amplitude is 2.6 V and its duration is 10 s.
The oscillogram in Figure 7.30(a) corresponds to the situation when the polarization of
incident light coincides with the rubbing direction (α = 0°), and α = 45° in Figure 7.30
(b). In the initial state, the light transmission of the system is close to zero because of
the homeotropic director orientation. The applied electric pulse increases the light
transmission caused by the formation of the HAC structure. If the polarization of
incident light coincides with the rubbing direction (Figure 7.30(a)), the light
transmission saturation reaches 58%. The on-time τon was 0.31 s, and the off-time
τoff was 0.51 s. For α = 45°, the transmittance saturation reached 51% (Figure 7.30(b)),
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τon = 0.13 s, τoff = 0.59 s. Under the control voltages 2.6 ≤U ≤ 3.2 V, the on-time τon did
not practically change. The off-time τoff in the same range of voltages increased up to
1.75 s. It should be noted that the change in the control pulse form is able to lead to a
significant improvement of the dynamic characteristics of an LC cell with electrically
controlled ionic modification of the surface anchoring (Sutormin et al., 2014).

Electrically induced anchoring transition in the ionic-surfactant-doped cholesteric
layers with confinement ratio ρ > 1. We considered also a change of ChLC orientation
initiated by the ionic modification of boundary conditions in the layers with con-
finement ratio ρ > 1 (Sutormin et al., 2018b). The investigations were performed with
the same LC cells as in the previous section. The substrates of the cells were covered
by the polymer films using spin coating technique and then these layers were unidi-
rectionally rubbed. The polymer films were PVA containing glycerin compound (Gl)
in the weight ratio PVA:Gl = 1:0.479. The cholesteric under study was a mixture of ne-
matic 5CB and ChA in the weight ratio ranging between 1:0.0233 and 1:0.0658. In ad-
dition, ChLC contained ionic-surfactant CTAB in a weight ratio 5CB:CTAB = 1:0.0041.
In the utilized mixtures, the intrinsic cholesteric pitch varied from 2.6 to 7.1 μm, and
the confinement ratio was 1.2 ≤ ρ ≤ 8. Filling of cells was performed with ChLC in the
isotropic phase. The diffraction patterns were observed utilizing He–Ne laser with
wavelength λ = 632.8 nm.

At first, the reorientation of the director in LC cells under application of the
1 kHz AC voltage was studied. The optical patterns of the ChLC layer with the confine-
ment ratio ρ = 1.2 observed for several values of the applied AC voltage are presented
in Figure 7.31. The intrinsic pitch p was 7.1 μm and the ChLC thickness d = 8.2 μm. In
the absence of electric field the fingerprint pattern is observed (Figure 7.31(a)). When
AC voltage is applied to the sample, the initial optical texture changes gradually into
a dark area (Figure 7.31(b)–(d)). It should be noted that the rotation of the sample
between two crossed polarizers does not lead to the changing of dark optical pattern.

τon = 0.31 s τoff = 0.51 s τon = 0.13 s τoff = 0.59 s

(a) (b)

Figure 7.30: Optical response of the LC cell filled with the ionic-surfactant-doped cholesteric layers
in crossed polarizers at different α-angles between the polarizer and the rubbing direction:
(а) α = 0°; (b) α = 45°. Applied voltage amplitude is 2.6 V. Confinement ratio is ρ = 0.4.
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As stated above, depending on the ratio d/p the untwisted or twisted ChLC orienta-
tional structures in the cell with rigid homeotropic boundary conditions can be realized.
The transition between these configurations occurs at the critical value of d/p, which
is assigned by the ratio of elastic constants for bend and twist deformations (Zel’do-
vich and Tabiryan, 1981). In typical LC substances, the critical value of d/p is about 1
(Oswald et al., 2000) and for this reason, the fingerprint pattern corresponding to the
twisted director configuration was realized in the sample with ρ = 1.2 (Figure 7.31(a)).

Applied AC voltage initiates the reorientation of LC director along the electric field
owing to the positive dielectric anisotropy of the cholesteric. This process leads to the
transition of twisted ChLC alignment into the homeotropic orientational structure
whose optical pattern is demonstrated in Figure 7.31(d). The similar change of direc-
tor configuration occurred in other samples with ρ ranging between 1.2 and 8. The
higher AC voltage was necessary to produce the homeotropic orientational structure
in samples with larger values of confinement ratio. Furthermore, in some samples,
the AC voltage initiated the hydrodynamic flows, which led to the formation of partic-
ular optical textures (Figure 7.32) like the ones demonstrated by Ribiére et al. (1994).

Figure 7.31: Photos taken in crossed polarizers of the cholesteric layer with the ionic surfactant
additive for AC voltages U = 0 V (а), 1.1 V (b), 2.1 V (c), and 3.1 V (d). The intrinsic cholesteric pitch
p = 7.1 μm. Confinement ratio ρ = 1.2. The rubbing directions of the bottom and top substrates are
marked by R1 and R2, hereinafter.

Figure 7.32: Photos taken in crossed polarizers of the cholesteric layers with the ionic-surfactant
additive under application of an AC voltage. (a) ρ = 1.9 and U = 3.2 V; (b) ρ = 3.2 and U = 6 V.
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Completely different changes of the ChLC optical pattern were observed under
the action of a DC electric field (Figure 7.33). In the initial state, the fingerprint tex-
ture is realized (Figure 7.33(a)). When the value of applied DC voltage is smaller than
2.7 V, the fingerprint texture does not change. The striped domain structure with de-
fects is formed in the range of DC voltage from 2.7 to 3.3 V (Figure 7.33(b)–(d)). A
higher value of DC voltage leads to the appearance of domains that are due to electro-
hydrodynamic instability in cholesteric layers. A number of defects in the striped do-
main structure can be decreased considerably using the preliminary action of AC
voltage pulse.

As an example, Figure 7.34 demonstrates the striped domain structures realized under
DC voltage U = 3.0 V with and without preliminary action of 1 kHz AC voltage of 10.3 V
value. Obviously, in the case of preliminary action of AC voltage, the number of
defects in the striped domain structure decreased considerably. The transforma-
tions of ChLC optical texture presented in Figure 7.33 are initiated by the modifica-
tion of boundary conditions at the anode–substrate. Initially, the normal surface
anchoring of cholesteric layer is realized on both substrates due to the adsorbed
CTA+ cations. Applied DC electric field causes decreasing the surface density of
CTA+ cations at the anode–substrate. As a result, the tangential surface anchoring
specifying the polymer layer is formed at this substrate and the director configura-
tion inherent in HAC layer is realized in the bulk. Depending on the ratio between
ChLC thickness and cholesteric pitch, the director configuration of uniform HAC
(UHAC) or modulated HAC (MHAC) structure can be appeared in the layer with
asymmetric boundary conditions (Dozov and Penchev, 1986b). The simultaneous
twist and tilt of director takes place along the normal to the substrates in the ori-
entational structure of HAC. LC orientation in the plane of the layer is uniform in
the case of UHAC director configuration. But in the MHAC structure, the surface
layer with periodically distorted cholesteric helix axis is formed near the substrate
with normal surface anchoring (Baudry et al., 1996; Dozov and Penchev, 1986).

Figure 7.33: Photos taken in crossed polarizers of the cholesteric layer with the ionic-surfactant
additive for DC voltages U = 0 V (а), 2.7 V (b), 2.8 V (c), and 3.2 V (d). The intrinsic cholesteric pitch
p = 7.1 μm. Confinement ratio ρ = 1.2.
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For this reason, the cholesteric layers with UHAC and MHAC director configura-
tions exhibit the different optical textures. The cholesteric with UHAC director
configuration appears as a uniform bright area, whereas the optical texture of
ChLC with MHAC director configuration is a stripe domain pattern and orientation
of domains is specified by the confinement ratio (Baudry et al., 1996; Belyaev
et al., 1988; Dozov and Penchev, 1986; Lin et al., 2012; Nose et al., 2010; Ryabchun
et al., 2015). It was shown by Belyaev et al. (1988) that the change between UHAC
and MHAC director configuration occurs at the confinement ratio of about 1 and
this agrees with our experimental data.

The electrically controlled ionic modification of boundary conditions induced the
appearance of UHAC director configuration in the samples with ρ < 1 and the optical
pattern of ChLC layer looked like a uniform bright area (Sutormin et al., 2017b). In
LC layer with ρ = 1.2, the application of DC voltage (Figures 7.33 and 7.34) initi-
ated the formation of MHAC director configuration, and the stripe domain pat-
tern was observed.

Figure 7.35 demonstrates the change of optical pattern of ChLC layer under the
action of DC electric field in the sample with a confinement ratio ρ = 1.9. It is seen
that the transformation of the pattern is similar to the observed changes in the sam-
ple with ρ = 1.2. The initial optical pattern does not change when the value of ap-
plied DC voltage is smaller than 2.6 V. The striped domain texture with defects is
formed in the range of DC voltages from 2.7 to 3.4 V. But a number of defects were

Figure 7.34: Photos taken in crossed polarizers of the cholesteric layer containing the ionic-surfactant
additive for DC voltage U= 3.0 V without the preliminary action of AC electrical field (a) and with the
preliminary effect of 1 kHz AC electrical field of 10.3 V value (b). The scaled-up parts of LC textures are
shown in the top row. The intrinsic cholesteric pitch p= 7.1 μm and confinement ratio ρ= 1.2.
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greater than the sample with confinement ratio ρ = 1.2, and a high-quality stripe do-
main pattern could not be formed utilizing the preliminary influence of AC voltage.

In the sample with confinement ratio ρ = 3.2 (Figure 7.36), the director reorienta-
tion process initiated by the ionic modification of boundary conditions starts from the
DC voltage U = 2.7 V, whose value is close to the threshold voltages in samples with
ρ = 1.2 and 1.9. One can see that the layer areas with a periodic stripe domain texture
are very small (Figure 7.36(с)). In the sample with confinement ratio ρ = 8, the action
of DC electric field did not initiate the visible transformations of optical pattern at all.

Lin et al. (2012) experimentally showed that the MHAC director configuration ap-
pears as high-quality stripe domain pattern only in a narrow range of the confinement
ratios. When the confinement ratio exceeded the upper range limit, a large number of
defects were observed in the stripe domain pattern. It was proposed that the strength of
tangential surface anchoring became insufficient to produce a defect-free structure (Lin
et al., 2012). This is probably the reason for the formation of the striped domain pat-
tern with a different number of defects in our investigated samples. Besides, the ob-
served striped domain pattern had more defects in the samples with higher values of
confinement ratio.

The dynamic characteristics of the LC cell driven by ionic-surfactant method are
specified by a number of processes such as the motion of CTA+ cations, the modifi-
cation of boundary conditions, and the change of LC orientation in the layer (Sutor-
min et al., 2012). The on-time and off-time of investigated cholesteric cells were of
the order of 1 s. These dynamic characteristics agreed with the response times of
nematic cells driven by the ionic-surfactant method (Sutormin et al., 2012, 2013).

It is known that the MHAC structure is suitable to produce the diffraction grating,
which can be controlled by the electric field, light radiation, or temperature (Lin et al.,
2012; Nose et al., 2010; Ryabchun et al., 2015). The external actions change the chole-
steric pitch and initiate the rotation of the stripe domains. For this reason, it is interest-
ing to investigate the diffraction patterns obtained after passing the laser beam through
the cholesteric cell with ISO. The sample with confinement ratio ρ = 1.2 was examined.
To obtain the high-quality stripe domain pattern (Figure 7.34(b)), the preliminary

Figure 7.35: Photos taken in crossed polarizers of the cholesteric layer with the ionic-surfactant
additive for DC voltages U = 0 V (а), 2.6 V (b), 3.0 V (c), and 3.3 V (d). The intrinsic cholesteric pitch
p = 4.2 μm, and confinement ratio ρ = 1.9.
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action of 1 kHz AC voltage of 10.3 V was used. Figure 7.37 presents the change in dif-
fraction pattern initiated by the applied DC voltage U = 3.0 V. In the initial state, the
diffraction pattern was concentric rings (Figure 7.37(a)) owing to the fingerprint tex-
ture without preferred domain orientation was formed in the sample (Figure 7.33
(a)). Applied DC voltage initiated the formation of optical texture containing the
stripe domains (Figure 7.34(b)), and the diffraction pattern changed to a set of
three light reflexes (Figure 7.37(b)). The diffraction pattern remained almost un-
changed in the range of applied voltages from 2.7 to 3.2 V, and it was the evidence
that the rotation of stripe domains did not occur. Consequently, a switching be-
tween only two diffraction patterns can be obtained by using the ionic modifica-
tion of boundary conditions.

Figure 7.36: Photos taken in crossed polarizers of the cholesteric layer with the ionic-surfactant
additive for DC voltages U = 0 V (а), 2.7 V (b), 3.0 V (c), and 3.3 V (d). The intrinsic cholesteric pitch
p = 2.6 μm, and confinement ratio ρ = 3.2.

Figure 7.37: Change of diffraction pattern behind the ChLC layer under the application of DC voltage.
(a) U= 0 V and (b) U = 3.0 V. The intrinsic cholesteric pitch p= 7.1 μm, and confinement ratio ρ= 1.2.
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7.4 Conclusions

In this chapter, we have demonstrated that the ISO method can be successfully ap-
plied to the state switching of NLCs and ChLCs irrespective of both the value and
sign of their dielectric anisotropy Δε, and it is even applicable to LCs with Δε = 0. It
is well known that zero-Δε LCs cannot in principle be controlled by the classical
Frederiks effect. Apart from the LC systems, the ISO method has been proved to be
suitable for the operation of polymer/LC composite systems such as PDLC films,
where a modification of boundary conditions can be realized in both the normal
and inverse modes depending on the content of ionic surfactant in LC.

The values of the response times for the ISO method take several seconds or
tens of seconds. But these parameters can be improved by several ways. For ex-
ample, one may choose LC with low viscosity because the well-known LCs 5CB
and MBBA exemplarily discussed in this chapter are not optimal materials re-
garding this aspect. Ion transport velocity under the action of electric field in
low-viscosity LCs will increase and hence the response times will drop. Another
approach is to use the orientational transition between the homeoplanar config-
uration and the twisted structure in a nematic layer. As shown above, the re-
sponse times decrease in this case to some hundreds of milliseconds. If to apply
additionally the opposite pulse before the field is turned off, the relaxation time
decreases to 11 μs.

In cholesteric layers with a confinement ratio in the range of 0.16–0.85, the
DC electric field induced the transition from the homeotropic director configura-
tion to the UHAC structure. The on-time for such LC cells was tenth parts of a
second and off-time was about a second. Initially, the fingerprint texture was re-
alized in the LC cells with confinement ratios exceeding 1. The DC electric field
induced the formation of MHAC structure whose optical texture appeared as pe-
riodic stripes.

Obviously, the ISO method for switching LC states has its pros and cons. A few
drawbacks can be listed, including the slower electro-optical response in compari-
son with that of the similar orientational transitions induced by the Frederiks effect,
and the probable electrochemical degradation of the substrates and LC structures.
Among the advantages, the method allows operating various surface phenomena
in plasmonics, light reflection, and others; the method practically depends neither
on the value nor the sign of LC dielectric anisotropy; this method requires a small
value of control voltage; it enables low power consumption of LC structures with
novel types of bistability effects; the special production technologies are not re-
quired because the manufacturing lines for conventional LC displays can be used
to produce the LC devices controlled by the ionic-surfactant method. All these
allow believing that the development of this approach can lead to the creation of
principally new LC materials capable of significantly expanding the functional
possibilities of optoelectronic LC devices.
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