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Abstract

In this dissertation, a study on the electro-optic characteristics of polymer/cholesteric liquid
crystal (ChLC) nanocomposites is reported to reduce the driving voltage and understand the
physics of polymer/ChLC nanocomposites. A low-temperature polymerization process can
manipulate the electro-optic switching mode; the result is that a low driving voltage is attained
in low-monomer-concentration polymer/ChLC nanocomposite while maintaining a fast
response time. The study on the helical pitch dependence of the electro-optic characteristics in
polymer/ChLC nanocomposites should help understand the response mechanism of such
polymer/ChLC nanocomposites. The details are described in the following chapters.

Chapter 1: Introduction

An introduction to the properties of LCs, ChLCs, and the polymer/ChLC nanocomposites is
given. The research purpose and overview of the dissertation is also described.

Chapter 2: Deformation-free switching of polymer-stabilized cholesteric liquid crystals
by low-temperature polymerization

The 'deformation-free' switching mode in polymer/ChLC nanocomposites usually occurs
when the polymer concentration ranges from a few to several tens of wt% values. In this chapter,
a qualitative change in the electro-optic response of polymer/ChLC nanocomposites with a
monomer concentration of 6.6 wt% is demonstrated by reducing the polymerization
temperature. The LC domains are formed by phase separation between the polymer and non-
photopolymerizable LC molecules during the polymerization process. Because the domain size
depends on the polymerization rate during polymerization-induced phase separation, smaller
LC domains can be achieved by controlling the degree of phase separation via a change in the
polymerization temperature. Suppressed phase separation leading to the formation of smaller
LC domains is accomplished by reducing the polymerization temperature. The driving force
leading to the formation of smaller domain sizes is believed to be the increased viscosity at
lower temperatures. The low-monomer-concentration polymer/ChLC nanocomposites can
achieve a lower driving voltage without any deterioration in the fast response. The electro-optic
characteristics and polymer morphologies of low-monomer-concentration polymer/ChLC
nanocomposites with different polymerization temperatures are investigated.

Chapter 3: Helical pitch dependence of the electro-optic characteristics in

polymer/cholesteric liquid crystal nanocomposites having ultra-small liquid
crystal domains



Studies on the helical pitch ( p) dependence of the electro-optic characteristics in low-

monomer-concentration polymer/ChLC composites are reported. Depending on the
polymerization temperature, low-monomer-concentration polymer/ChLC composites show
two response modes: a 'polymer-stabilized’ response and a ‘deformation-free' response. Despite
the difference in the electro-optic response modes, the threshold electric field of the
polymer/ChLC composites increases as the helical pitch decreases for both response modes.
However, the threshold electric field shows differing dependencies on the helical pitch
according to the electro-optic response modes. The 'polymer-stabilized’ ChLC roughly shows a

p %" dependence on the pitch, which is a consequence of the response being dominated by the
Helfrich deformation. The 'deformation-free’ polymer/ChLC, on the other hand, shows a
smaller dependence on the pitch of approximately p~®%*. The decrease in the pitch dependence

is described as a consequence of the nano-confined LC molecules undergoing a Fredericks-type
reorientation instead of a helix deformation.

Chapter 4: Helical pitch dependence of the electro-optic characteristics in
polymer/cholesteric liquid crystal composites having large-size liquid crystal
domains

The helical pitch dependence of the threshold electric field in high-monomer-concentration
polymer/ChLC composites having pitch-length scale LC domains is investigated. In contrast to
the previous chapter, the threshold electric field shows little dependence on the helical pitch.
This difference in the behavior of the helical pitch dependence in the thresholds is thought to
originate from the difference in the dynamics of the LC molecules in each of the domains. The
dynamics of the LC molecules in each of the domains is determined by the ratio of domain size
to pitch length, since the domain sizes are statistically distributed. The portion of LC domains
showing the helix deformation in the polymer/ChLC composite increases with an increase in
the ratio of domain size to pitch length. For short pitch samples, the decrease in thresholds due
to the change in the dynamics of the LC molecules within the domains cancels out the increase
in thresholds caused from the increased twist in the Fredericks-type reorientation.

Chapter 5: Conclusions

The results obtained from chapter 2 to chapter 4 are summarized and the main conclusions
of the dissertation are drawn.

-iv -



Chapter 1 Introduction

Liquid crystal (LC) is a state of matter that exists between the fluid and the solid states.
Because of its unique characteristics, such as optical and dielectric anisotropy, LCs have been
applied to various industrial fields, especially information display [1-3] and tunable electro-
optic devices [4-6]. Optical anisotropy, called birefringence, is the difference between the extra-
ordinary and ordinary refractive indices of a LC. The birefringence can provide an ability to
change the optical characteristics of a LC, such as transmittance and phase, since the velocity
of light with a polarization parallel to the director is different from that perpendicular to the
director. Dielectric anisotropy is the difference between the relative permittivities when an
electric field is applied parallel and perpendicular to the LC molecules. Therefore, the optical
characteristics of a LC can be modulated by an external electric field because the orientation of
molecules is changed in response to an external field. Self-organization is also a very important
property of LCs, in which the molecules are spontaneously arranged with an ordered structure.
It is a very interesting subject of research in the fields of both chemistry and physics, since it is
possible to easily fabricate a variety of difficult complex structures, which are difficult to make
artificially. The various functionalities of LC materials, which result from the collective
molecular alignment, have attracted much attention for their potential use in optoelectronic
applications.

The spontaneous formation of the periodic structure makes cholesteric LCs (ChLCs)
potentially useful for optical applications such as optical switches [7], lasers [8-10], and
displays [11-14], because the selective reflection (SR) band is tunable by external stimuli [15-
19]. When light incidents on the ChLCs, they reflect circularly polarized light with the same
handedness as the cholesteric helix in a certain wavelength band, called the SR band. The
spectral position and the band-width of the SR band is determined by the helical pitch, defined
as the distance required for the director to twist by 2=, the ordinary and the extra-ordinary
refractive indices of the ChLCs. However, they show a slow decay time typically on the order
of several seconds [20], hindering their use in electro-optic applications. The slow decay time
originates from the field-induced deformation of the helical structure, which occurs on larger
length and time-scales compared to the reorientation of the director in a nematic LC [21].

To overcome this intrinsic drawback, 'polymer-stabilized’ ChLCs in which polymer
networks are dispersed in ChLCs have been investigated intensively [22]. 'Polymer-stabilized'
ChLCs are obtained by dissolving a small amount of a photopolymerizable monomer (5-10
wt %) in a low-molecular weight ChLC and polymerizing the sample in situ in the cholesteric
phase. 'Polymer-stabilized' ChLCs show an improved response time; however, the movement
of the polymer network with the LC molecules limits the response time to a few tens of
milliseconds [23].



Recently, polymer/ChLC nanocomposites have been emerging as next-generation LC
materials for various functional optical devices such as polarization rotators and polarization-
independent phase modulators, due to their unique electro-optic response in which the decay
time is fast (~ few 10 us) without deforming the reflection band [24-28]. This electro-optic
response is called 'deformation-free', since the reflection band is maintained. This ‘deformation-
free' tuning mode occurs when the size of the LC domains in a polymer/ChLC composite is
reduced to several tens of nanometers, leading to the control of the effective refractive index
only.

Under an electric field, the LC molecules are reoriented along the field, but the polymer
matrix is strongly fixed by the cross-linked polymer chains and is immobile; the result is that
the effective extra-ordinary refractive index is decreased, while the ordinary refractive index
and helical pitch remain constant. The motion of the non-reactive LC molecules confined in the
nano-sized domains exhibits a very short decay time of a few tens of microseconds,
corresponding to a ~1000-fold improvement compared to that of conventional ChLCs. However,
the driving voltage of polymer/ChLC nanocomposites showing a 'deformation-free' electro-
optic response is too high to use in practical electro-optic devices. There is a limit to which the
threshold voltage of 'deformation-free’ polymer/ChLC nanocomposites can be decreased,
because the nano-sized domains leading to the strong anchoring are required to implement the
‘deformation-free' electro-optic response in polymer/ChLC nanocomposites. Also, the small
amount of mobile LC molecules restricts the tuning range of the refractive index, since
monomer concentrations of a few to several tens of wt% values are required to form the nano-
sized LC domains in polymer/ChLC nanocomposites. Further studies on reducing the driving
voltage in polymer/ChLC nanocomposites may lead to practical electro-optic devices.

From this perspective, in this dissertation, we focus on the method of implementing the
‘deformation-free' switching behavior in ‘polymer-stabilized" ChLCs by low-temperature
polymerization and the understanding of the driving mechanisms of the 'deformation-free'
polymer/ChLC nanocomposites.

The outline of this dissertation is as follows. The main subjects of this dissertation are the
fabrication of low-monomer-concentration polymer/ChLC nanocomposites by a low-
temperature polymerization process and investigation of their electro-optic characteristics. In
the rest of this chapter, we will introduce the fundamentals of LCs, ChLCs and polymer/LC
nanocomposites.

In chapter 2, we provide a detailed account of the low-temperature polymerization process
in a low-monomer-concentration polymer/ChLC precursor that yields a qualitative change in
the electro-optic response from ‘polymer-stabilized' to 'deformation-free’. The suppressed
polymerization-induced phase separation, due to the low polymerization temperature, results in



smaller LC domains which bring about a change in the electro-optic response. A low driving
voltage with fast response in 'deformation-free’ polymer/ChLC nanocomposite is demonstrated.

In chapters 3 and 4, we also show the helical pitch dependence of the electro-optic
characteristics in polymer/ChLC nanocomposites having domains of different size to
understand the response mechanism of polymer/ChLC nanocomposites.

In chapter 3, the helical pitch dependence of the threshold electric field in low-monomer-
concentration polymer/ChLC composites showing different electro-optic response modes is
investigated. Although the threshold electric field of the polymer/ChLC nanocomposites
decreases as the helical pitch increases regardless of the electro-optic response mode, the
dependences of the threshold electric field on the helical pitch are different depending on the
electro-optic response modes. Fredericks-type reorientation of the LC molecules confined in
nano-sized domains is introduced to understand the dynamics of the 'deformation-free'
polymer/ChLC nanocomposites.

In chapter 4, we study the helical pitch dependence of the threshold electric field in
polymer/ChLC composites having large domain sizes. In this case, the dependence of the
threshold electric field on the helical pitch is completely different from the results discussed in
Chapter 3. The reason is investigated that both Helfrich deformation and Fredericks-type
reorientation affect the threshold electric field. The variation in the ratio of domain size to pitch
length is proposed as the dominant parameter that determines the threshold electric field.

In chapter 5, we summarize the key results of each chapter and present conclusions drawn
from this dissertation.

1.1 Liquid crystals

To date, LCs have mainly been studied from the viewpoint of display applications because
of their large refractive index change with low driving voltage. However, LCs are potentially
applicable to not only display applications, but also photonic devices, since a LC is a multi-
functional material that can control various aspects associated with the propagation of light such
as phase changes, scattering, diffraction, and reflection. As indicated by the name, a LC is an
intermediate state of matter between an isotropic liquid and a solid crystal. A LC possesses
properties of both liquid (fluidity) and crystal (anisotropy). A LC is classified by the shape and
orientational order of its molecules. In the case of rod-like (calamitic) LCs, as shown in Fig.
1.1, the thermotropic LC phase occurs over a certain temperature range. The LC phase changes
to the isotropic phase with an increase in the temperature; on the other hand, the LC phase
changes to the crystal phase with a decrease in the temperature. The most common LC phase is
the nematic phase, which is widely used in most LC display applications. In the nematic phase,
the calamitic molecules have no positional order, but have an orientational order, i.e., the LC



molecules are aligned towards a preferred direction defined by the director vector. Unlike the
nematic LC phase, the molecules in the smectic phase not only have orientational order, but
also have partial positional order.

The ChLC, which is called a chiral nematic LC, is a liquid crystalline phase in which the
constituent molecules self-organize into a helical structure. The ChLC exhibits the nematic
phase locally; however, the LC molecules are twisted with a periodicity along the direction
perpendicular to the director vector. The ChLC forming a helical periodic structure shows the
unique optical characteristic of SR. In the following sections, we present an introduction to the
basic electro-optic characteristics of the ChLC used in this dissertation.
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Calamitic

Nematic Smectic Cholesteric

Figure 1.1 Categorization of liquid crystals.

1.2 Light propagation in cholesteric liquid crystals

In general, a ChLC is obtained from the nematic phase of a LC material by adding a chiral
dopant. Figure 1.2 shows a schematic view of the self-assembled helical periodic structure
formed by ChLC. This structure can be considered as a one-dimensional photonic crystal. It
exhibits the so-called SR characteristics, in which light with the same circular polarization
handedness as the helix is Bragg reflected. When the helical pitch, p, is defined as the distance

required for the director to twist by 360°, the center wavelength, A, and the band-width of the

n, +n,

SR band, A4, is determined by the helical pitch, the average refractive index, n,,, =



and the birefringence An=(n,—n,), i.e., 4, =n,,xp and AZ=Anxp, where n, and n, are

the extra-ordinary and ordinary refractive indices, respectively. The relations of the SR band
are obtained by solving Maxwell’s equations with respect to the light propagating in the
direction of the helical axis [29,30].
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polarized light
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-___—
_—
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polarized light
Light

Figure 1.2 Selective reflection in the helical structure of the ChLC.

In a ChLC phase, the LC molecular director n turns around the helical axis, where n and
helical axis are perpendicular to each other. When the helical axis is parallel to the z axis as
shown in Fig. 1.2, the director n is expressed as

n(z)=(cosqz, singz, 0), (1.1)
where the chirality, g, is defined as q=2z/p. The local directors of the LC molecules are

twisted in the xy-plane, with a twist angle of gz. The dielectric constant in the local principal

coordinate is expressed as



(1.2)

where ¢ and &, are the dielectric constants along the long and short molecular axes,
respectively. In general,

rod-like LC molecules satisfy the following relationship:
Ae=¢g—-¢, >0.

When the light propagates to the direction of the helical axis of the ChLC (z-axis), the
electromagnetic wave and Maxwell’s equation in a free-space are expressed as

E(z,t)=E(z)e™",

(1.3)
H(z,t)=H(z2)e™", (1.4)
VxE(z,t) =4, aH(th’t) , (15)
Vi H(2,) = £,4(2) ‘9E(gtz't) | (1.6)

where @ is the angular frequency (ew=2z/A1), and u, and ¢, are the magnetic permeability

and dielectric tensor in vacuum, respectively. The dielectric tensor £(z) of the ChLC can be
expressed as

COS

—

qz) -sin(gz) 0)g O 0 cos(gz) sin(qz) O
£(z)=|sin(qz) cos(qz) 0|0 & 0 | -sin(gz) cos(qz) 0O
0 0 10 0 g 0 0 1
‘i ;gl L4 —261 cos(2qz) %sin(Zqz) 0
_ 6L gy GtEL &6 (o 0
S sin(29z) > ; cos(29z)
(L.7)
0 0 £,
£+ %cos(Zqz) %sin(Zqz) 0
= %sin(Zqz) 5—%cos(2qz) 0
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with the average dielectric constant & = and dielectric anisotropy As=¢g —¢, .

Equation (1.5) and Eqg. (1.6) are expanded to Eq. (1.8) using a curl operation.

0°E(z, t)

VX(VXE(th)) — o€ (2) e

(1.8)

Using the vector formula of Vx(VxE(z,t))=V(V-E(z,t))-V’E(zt) and the relation of
V-E(z,t) =0, Eq. (1.8) can be expressed as

azE(z t)

VZE(z,1) - Ho&e&(2) =0. (1.9)

By substituting Eq. (1.3) into Eq. (1.9), the following wave equation is yielded:

2 2

d—2 E(2) + 14,6,6(2) o°E(2) = d—z E(z)+ [QJ £(z)E(2)=0. (1.10)
dz dz C

Since the z component of the electric field is 0, it is sufficient to consider only the x and y

components of electric field in Eq. (1.10). Therefore, the dielectric tensor can also be expressed
in terms of a corresponding 2x2 matrix. To simplify this wave equation, new variables are
introduced as

E.(z)=E,(z)+iE,(2). (1.11)
Using Eq. (1.10) and Eq. (1.11), the wave equation changes to
_ Ae g

d’ [EJZ)]_ (wjz £ 3¢ [E+(Z)J (1.12)

dz? (E (2) c)|B¢ e = \E(2)) '

2

The solutions of the above differential equations generally take the following forms:

E.(z)=Ae'9?, (1.13)

E (z)=Be'". (1.14)

By substituting Eq. (1.13) and Eq. (1.14) into Eq. (1.12), two coupled linear equations for
amplitudes A and B are obtained.

{0 +qf —(%jZE}A—(%jZ %B -0, (1.15)



{(l —q) —(%TE}B—(%T%A:O. (1.16)

The above equations can be written as

(I+qf-k2 -k (Aj_

a

where
2
k2 :(QJ z, (1.18)
c
0] ZAg
k2=|Z| == 1.19
’ (cj 2 (19

To get non-trivial solutions of amplitudes A and B, the determinant of Eq. (1.17) must be zero.

(I+af-ki -k
-k (-qf -k

For a given o, two independent modes are given by

12 =12 = (k2 +¢2) —/4Kk2% + k! (1.21)
12 =12 = (k2 + ) +/4K20% + K . (1.22)

From here on in, we discuss the dispersion relation between @ and | and the polarization

[+ qf —k2][(1-q) - k2] K¢ =o0. (1.20)

states of modes I, and |, . The detailed mathematics are presented in references 29 and 30.
The dispersion relation between @ and | is plotted in Fig. 1.3. As can be seen from Eg.

(1.21) and Eq. (1.22), I, is always real; however, |, is always pure imaginary in some

frequency range between _(0) and @, (0), as shown in Fig. 1.3 (®,(0)> @_(0)). The real

wave number means that the mode propagates in the medium, whereas the pure imaginary wave
number signifies that the mode cannot propagate in the medium and undergoes the Bragg
reflection, which is called the bandgap. In order to obtain a frequency boundary at which light
propagation is forbidden, the special case of | =0 is considered. From Eq. (1.17), we can obtain
the relation

k2 —q? =+k?. (1.23)

Using Eq. (1.18) and Eq. (1.19), the angular frequencies of o, (0) are expressed as

-8-



= \/z _n_o’ (1.24)

cq cq
0 =—=—,
@ (0) i (1.25)

where n,=,/e, and ne:\/;|| are the ordinary and extra-ordinary refractive indices,

respectively. These equations can be rewritten in terms of the wavelength for the sake of
convenience,

ﬂlong—edge = ne x p ’ (126)

ﬂShort—edge = no X p ' (127)

where 4,0 cage AN Ao eaqe @re the long and short band-edge wavelengths of the reflection

band, respectively. Therefore, the band-width, A1, and the center wavelength of the SR band,
A., are expressed as

AA= 210ng—edge _ﬂ‘short—edge =Anx P, (128)
;Lon —e +2’s ort—e
ﬂ’c: long dge2 hort dge:navgxp, (1_29)

n,+n o o
where An=(n, —n,) and Ny =— 5 % are the birefringence and the average refractive index,

respectively. Consequentially, circularly polarized light with the same handedness as the helical
axis is reflected over the wavelength region between the long and the short band-edge
wavelengths.



Figure 1.3 Dispersion relation @ versus .

1.3 Textures of cholesteric liquid crystals

A ChLC sandwiched between two parallel substrates exhibits various textures depending on
several parameters, such as an alignment layer and an external field. In this section, we briefly
describe typical ChLC textures, which will be discussed later in this dissertation.

The most famous texture of a ChLC is the planar texture. In this case, the helical axis is
parallel to the normal of the substrate. Figure 1.4 shows a schematic structure and a reflection
polarizing optical micrograph of the planar texture. In some wavelength regions, a circularly
polarized light with the same circular handedness as the helix is reflected from the planar texture
because of Bragg reflection.

(b)

Figure 1.4 (a) Schematic of a planar texture. (b) Polarizing optical micrograph of a
planar texture. White light was illuminated onto the cell.

-10 -



The focal-conic texture is another texture of a ChLC. The focal-conic texture exhibits many
different domains, where the helical axis of each domain is randomly oriented with the same
pitch length. Due to the randomly oriented helical axis in each domain, this texture exhibits
scattering of incident light. The focal-conic texture is typically obtained by applying a medium
electric field in the planar texture of a ChLC. The schematic structure and a polarizing optical
micrograph of the focal-conic texture are shown in Fig. 1.5.

Figure 1.5 (a) Schematic of a focal-conic texture. (b) Polarizing optical micrograph
of a focal-conic texture.

When a stronger electric field is applied in a direction perpendicular to the substrate, all the
LC molecules are aligned along the electric field after the helix is completely unwound. This
state is called as a homeotropic texture, shown in Fig. 1.6(a), and the polarized reflectance from
the homeotropic texture becomes zero; this texture corresponds to the dark polarizing optical

g
Il
..
(a) o (b)

Figure 1.6 (a) Schematic of a homeotropic texture. (b) Polarizing optical micrograph
of a homeotropic texture.

micrograph shown in Fig. 1.6(b).

As mentioned above, the texture of a ChLC with positive dielectric anisotropy changes as
an external electric field is applied normal to the substrate. Suppose that the initial texture of a
ChLC is planar. When a medium electric field is applied, the planar texture breaks into a focal-

-11 -



conic state while maintaining the pitch length. A sufficiently strong electric field is required to
accomplish a transition from a focal-conic state to a homeotropic state, since a homeotropic
state occurs after unwinding of the helix. The threshold electric field for unwinding of the helix
Is determined by minimizing the total free energy and is given by [31]

72 | K
E. =Z_ i, 1.
o= (130)

where K,, is the twist elastic constant. This relation implies that the shorter the cholesteric

helical pitch, the higher the electrical energy required to unwind the helical structure.

In general, the transition of bulk ChLC from a planar texture to a focal-conic texture occurs
through two different processes. One is through the appearance of so-called oily streaks, which
are bent cholesteric layers, and the other is through the so-called Helfrich deformation, which
is an undulation of the helical axis [32]. In this dissertation, the Helfrich state, which will be
investigated later, is one of the most important textures in ChLCs. Helfrich deformation is a
two-dimensional undulation of the cholesteric layer without destroying the cholesteric layer
structure, when an electric field above the Helfrich threshold, E,,, is applied to a planar texture

in a direction parallel to the helical axis. Figures 1.7(a) and (b) show the schematic structure
and a polarizing optical micrograph of the Helfrich deformation, respectively. Textures of two-
dimensional square patterns are observed simultaneously everywhere. Theoretically, the
Helfrich threshold is inversely proportional to the square root of the helical pitch length and is
given by [33]

E, ocp®. (1.31)

é

s;

;

(] L] 11 L (L
Nnjrenfeetdectfeaafinn

(a) (b)

Figure 1.7 (a) Scheme of a Helfrich deformation. (b) Polarizing optical micrograph
of a Helfrich deformation.
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1.4 Polymer/liquid crystal composite

In general, a rod-like LC is composed of a rigid core consisting of benzene rings and flexible
end parts consisting of alkyl groups. When an acrylate group is attached to this flexible end part
of the LC molecule, the LC molecule undergoes radical polymerization by UV light irradiation.
A cross-linked structure is obtained by successive addition of the mesogenic monomers while
maintaining the liquid crystallinity of the materials. An example of the molecular structure of a
popular mesogenic monomer with acrylate groups at the end parts is shown in Fig. 1.8.

Acrylate O Acrylate

S o O—

o N

IL__\____,' O O [
(@)

Figure 1.8 Molecular structure of the LC monomer having acrylate groups.

One of the advantages of utilizing materials having the self-organization property of LCs
and the cross-linked property of polymers is that it is possible to easily make stable polymer
ordered structures since a photo cross-linking reaction occurs at molecular level. For example,
a photo cross-linking reaction of mesogenic ChLC with a helical periodic structure is capable
of making a polymeric structure having a SR band originating from the helical order. It is very
difficult to fabricate polymeric structures having a helical molecular arrangement by
conventional chemical synthesis methods [34,35]. However, a polymerization process after
aligning the molecules by using cross-linkable LCs [36-43] enables one to easily create a wide
variety of ordered structures applicable to optical devices, compared with conventional
processes [44-47].

One of the new types of materials for optoelectronic applications is a polymer-dispersed LC
[48-55] consisting of micrometer-sized LC droplets that are randomly dispersed in a continuous
polymer medium and separated from one another. The method of phase separation in precursor
mixtures containing high-molecular-weight polymers and low-molecular-weight LCs is widely
used for making polymer-dispersed LCs. When an electric field is applied to the polymer-
dispersed LCs, the LC molecules, which are randomly oriented in the field-off state inside the
droplets, are reoriented along the electric field. Therefore, owing to the difference in refractive
index between LC droplets and the external polymer substance, it is possible to vary the
transmittance of light passing through polymer-dispersed LCs. The monomer concentration of
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the polymer-dispersed LCs is typically between 20 wt% and 70 wt%. The size of the LC
droplets that can be controlled by the monomer concentration decreases with an increase in the
monomer concentration.

There is another kind of polymer/LC composites in which a cross-linked polymer with a
small amount of monomer concentration (less than 10 wt%) is dispersed in a fluid LC. This
composite is called a polymer-stabilized LC [56-59]. Unlike the polymer-dispersed LC, a
polymer-stabilized LC is made up of polymer networks that are dispersed in the LC. The voids
in the polymer networks are typically on the order of several 100 nm ~ several um. Interactions
between the polymer networks and LCs stabilize the alignment of the LC molecules.

Recently, a new type of polymer/LC composite with nano-sized LC domains has been
discovered [24]. This polymer/LC composite is completely different from the usual polymer-
dispersed LC and polymer-stabilized LC. This polymer/LC composite consists of nano-sized
LC domains (less than 40 nm) dispersed in an anisotropic polymer matrix. The nano-sized LC
domains are fabricated by photopolymerizing a mesogenic monomer-LC mixture containing
mesogenic monomer (~ 30 wt%). Because of the strong UV light intensity and high miscibility
between the mesogenic monomers and the LCs, polymerization-induced phase separation is
suppressed, and an anisotropic polymer matrix with nano-sized domains is obtained. The nano-
sized domains result in a fast decay time of a few 10 ps; this will be explained in detail in
section 1.4.2.

In general, a high monomer concentration of more than 70 wt% in a polymer-dispersed LC
could give smaller LC droplets of approximately 100 nm [51]. The smaller LC droplets are
thought to be due to the faster polymerization rate during the polymerization-induced phase
separation of polymer-dispersed LC. This polymer-dispersed LC exhibits a faster response time
of about 100 s, which is improved by about two or three orders of magnitude compared to that
of conventional polymer-dispersed LCs. However, a monomer concentration of more than 70
wt% means that the amount of the LC component decreases to less than 30 wt%, imposing a
limit on the tuning range of the refractive index (on the order of 10*) [51]. In other words, there
is a trade-off between the response time and the refractive index tuning range. Moreover,
polymer-dispersed LC is optically isotropic since isotropic monomers are used. Consequently,
the polymer-dispersed LC is not suitable for application to refractive index tuning devices. In
the case of polymer-stabilized LCs, it is also impossible to have nano-sized LC domains,
although mesogenic monomers have generally been used in the field of polymer-stabilized LCs.
In contrast, a new kind of polymer/LC composite with nano-sized LC domains shows that the
improvement in response time is compatible with the improvement in refractive tuning range,
since the nano-sized LC domains of size less than 40 nm are attained when the LC component
is more than 70 wt%. The fast response time and anisotropy of the polymer/LC nanocomposite
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allows us to realize various photonic devices, such as optical amplitude modulators, electro-
optic polarization rotators and polarization-independent phase modulators [24,26].

1.4.1 Electro-optic response of the polymer/cholesteric liquid crystal nanocomposites

As discussed in section 1.2, ChLCs are one-dimensional photonic band-gap materials in
which the constituent LC molecules self-organize into a helical structure. They exhibit a so-
called SR band, in which light with the same circular handedness as the helix is reflected: the
SR band spans over the wavelength n,x p—n,x p, where n, and n_ are the extra-ordinary

and ordinary refractive indices and p is the helical pitch. Therefore, the reflection band can be

modulated by changing the helical pitch. Control of the helical pitch by external stimuli such
as electric field [15], temperature [16], pressure [17] and light irradiation [18,19] has been
demonstrated. Among these methods, electric field tuning of the SR band is the best choice for
practical use because of its switching speed and compatibility with other electro-optic devices.
Some previous reports have demonstrated applications such as displays [11] and lasers [8-10]
based on electro-optic switching of the SR band. Conventional ChLCs, however, are difficult
to implement into electro-optic devices because the SR band tuning is irreversible and slow.

As shown in Fig. 1.9, the polymer/ChLC nanocomposites, which have nano-sized LC
domains, do not follow the properties of the usual bulk ChLCs; under an electric field, only the
unpolymerized LC molecules confined in the nano-sized domains are reoriented along the
electric field, but the macroscopic helical structure is strongly fixed by the cross-linked polymer
matrix. Therefore, the effective extra-ordinary refractive index of the nanocomposite is
decreased, while the ordinary refractive index and helical pitch remain constant. Consequently,
the polymer/ChLC nanocomposite can achieve the tuning of the SR band by shortening a long
band-edge wavelength without affecting the short band-edge wavelength and the SR band shape
as shown in Fig. 1.10.

Conventional control of the SR band in ChLCs by varying the helical pitch changes the
wavelength of the SR band discretely [16]. When LC molecules are aligned in the sandwich
cell, the LC molecules near the interface are fixed along the rubbing direction due to the
anchoring of the substrate from the surface. Therefore, a change in the helical pitch in a usual

ChLC is allowed only as an integer multiple of the half pitch ( g), leading to a discrete SR

band shift. On the other hand, the center wavelength of the SR band in the polymer/ChLC
nanocomposites is continuously changing because the polymer/ChLC nanocomposites utilize a
refractive index modulation, instead of a variation in the helical pitch. Furthermore, the motion
of the LC molecules localized into the nano-sized domains demonstrates a very short decay
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time of a few tens of microseconds, which is improved by a factor of 1000 compared to that of
the bulk ChLC.

Cross—linked structure Mesogenic monomer

= Ordinary :on, n,
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Figure 1.9 Schematic of an electric field response in the polymer/ChLC
nanocomposite.
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Figure 1.10 Electrical tuning of the SR band in the polymer/ChLC nanocomposite.

1.4.2 Response time of the polymer/liquid crystal nanocomposites

In this section, an interaction between the LC and the electric field is presented. When an
electric field is applied to the LC molecules uniformly aligned in the sandwich cell, the LC
molecules are reoriented along the electric field. The external field requires a critical value
called threshold to change the director configuration gradually from a uniform status. Such a
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phenomenon is called the Fredericks transition in which a sufficiently strong external electric
field is required to change the director configuration.
For a bulk nematic LC sandwich cell, the rise time z, and decay time z, are expressed as

[30]

_ /4
T e ED)’ (1.32)
2
3 :L(Qj , (1.33)
Ky\r

where y is a rotational viscosity coefficient, K, is the splay elastic constant, d is the cell gap
of the sandwich cell, E and E,, are the external electric field and the threshold electric field,

respectively. The driving force of the rise response is the electric field, whereas that of the decay
response is the elastic restoring force. In other words, it is possible to improve the rise time up
to a few tens of microseconds by increasing the strength of the applied electric field [60].
Therefore, the rise response is not too much of a problem in the study of response time. On the
other hand, in the case of decay time, all parameters other than the cell gap are intrinsic to the
material. It is necessary to increase the elastic constant [61] or decrease the rotational viscosity
coefficient [62] in order to improve the decay time. However, since it is very difficult to change
the material parameters, in general, the decay time is limited to approximately a few tens of
milliseconds [60-63]. Therefore, the decay response is a big issue in the study of response time.
From Eqg. (1.33), we can reduce the decay time by decreasing the cell gap, which is the only
device parameter. Actually, however, there is a limit to which the cell gap can be reduced, since
an optimum thickness exists for optical device applications. Therefore, the decay time can be
improved by changing the movement of the director locally.

The fast response in polymer/LC nanocomposites is explained by the localized motion of the
nematic LC molecules confined in nano-sized domains [64]. The localized motion of the
nematic LC molecules can be similarly understood in the case of the bulk nematic LC uniformly
oriented in a sandwich cell. A very short decay time of a few tens of microseconds in
polymer/LC nanocomposites is thought to originate from the small correlation length of a few
tens of nanometers, which corresponds to the diameter of the domains, since the correlation
length is much smaller than the usual cell gap of bulk nematic LC.
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Chapter 2 Deformation-free switching of polymer-stabilized
cholesteric liquid crystals by low-temperature polymerization

2.1 Introduction

The alignment of the conventional ChLC having a positive dielectric anisotropy (Ag >0) is
changed when an electric field is applied along the helical axis, as shown in Fig. 2.1. When the
ChLC is injected into a sandwich cell with planar alignment, the planar state, where the helix
Is normal to the substrate, is obtained. The focal-conic state, where the helix axis is randomly
oriented, appears when a weak electric field is applied normal to the substrate. Because of the
tilting of the cholesteric helix, the reflection band blue-shifts and the peak reflectance decreases
with an increase in the electric field. When a sufficiently high electric field is applied, the
homeotropic state, where the helix is completely unwound and the LC molecules are aligned
along the electric field, is obtained and therefore the reflection band disappears.

In the focal-conic state, the incident light no longer experiences a periodic modulation in the
dielectric constant, and the reflectance significantly decreases and the shape of the reflection
spectrum is distorted at the same time. In addition, even if the electric field is removed, a long
relaxation time of more than a few minutes is required to return to the original state. Thus, it is
not possible to control the reflection band by applying an electric field in a direction along the
helical axis of the ChLC having a positive dielectric anisotropy. Therefore, '‘polymer-stabilized'
ChLC has been investigated intensively to overcome this intrinsic drawback. 'Polymer-
stabilized" ChLCs in which polymer networks are dispersed in ChLCs show an improved
response time; however, the movement of the polymer network with the LC molecules limits
the response time to a few tens of milliseconds [23]. Tuning of the SR band without deforming
the macroscopic helical structure in the polymer/ChLC nanocomposites can lead to a
tremendous improvement in the electro-optic response time [24,26]. This 'deformation-free'
tuning mode is achieved by down-sizing the LC domains in a polymer/ChLC composite to
several tens of nanometers such that the LC domains only contribute to the effective refractive
index.
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Figure 2.1 The ChLC state with respect to the applied electric field.

The formation of nano-sized LC domains typically requires polymer concentrations of few
to several 10 wt% in the sample, which limits the tuning range because of the strong anchoring
imposed, in conjunction with the small amount of mobile LCs. There is an urgent need to
develop polymer/ChLC nanocomposites with reduced monomer concentrations, and hence
larger tuning ranges (or lower driving voltages). In this chapter, the 'deformation-free' switching
behavior can be achieved in 'polymer-stabilized" ChLCs with a monomer concentration of 6.6
wt%. On reducing the polymerization temperature, phase separation is suppressed in the
composite, leading to the formation of smaller LC domains. As the size of the LC domain
decreases from the 100 nm-range to the 10 nm-range, a qualitative change in the electro-optic
response occurs, from 'polymer-stabilized’ to ‘'deformation-free'. Not only is the response time
improved by this change in electro-optic response, the polymer/ChLC nanocomposite
fabricated with a low monomer concentration shows an improved tuning range compared to the
nanocomposite fabricated with a high monomer concentration of 13.5 wt%. This is because of
the increase in the number of LC molecules contributing to the refractive index tuning.

2.2 Effects of monomer concentration and polymerization temperature on
the driving voltage in deformation-free polymer/ChLC nanocomposites

To date, it is thought that a low driving voltage in 'deformation-free' polymer/ChLC
nanocomposites can be achieved by either decreasing the monomer concentration or increasing
the polymerization temperature [24]. However, we do not know which parameter affects the
driving voltage the most. In this section, we show the effects of monomer concentration and
polymerization temperature on the driving voltage in 'deformation-free' polymer/ChLC
nanocomposites before discussing a qualitative change in electro-optic switching response of
‘polymer-stabilized' ChLC. It is expected that the optimization of the parameters can reduce the
driving voltage of the polymer/ChLC nanocomposites showing a 'deformation-free' electro-
optic response without degradation of other properties.
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Firstly, the effect of monomer concentration on electro-optic characteristics in 'deformation-
free' polymer/ChLC nanocomposites is briefly described. Details of the materials and
experimental procedure used in this section will be presented in the next section of this chapter.
The detailed composition of each polymer/ChLC precursor used in this experiment is listed in
Table 2.1. All samples were photopolymerized at a temperature of +20 °C in the ChLC phase.

Table 2.1 Composition of the samples used in this section.

Mesogenic monomer Nematic LC Chiral dopant Photoinitiator
(RM257) (MLC-6849-100) (ZL1-4572) (Irgacure 819)
[wit%] [wit%] [wt%] [wt%]
16.0 78.0 5.0 1.0
25.3 68.1 5.6 1.0
34.6 58.2 6.2 1.0

Figure 2.2 shows the voltage-dependent reflectance of the polymer/ChLC nanocomposites
with different monomer concentrations. The horizontal axis shows the wavelength, and the
vertical axis shows the applied electric field; the color corresponds to the reflectance in each
graph. All samples showed a switching behavior typical of a 'deformation-free' polymer/ChLC
nanocomposite; with increasing electric field, only the long band-edge wavelength was blue-
shifted without a change in the short band-edge wavelength and peak reflectance. Figure 2.3
shows the dependence of the normalized SR band-width on the monomer concentration for the
‘deformation-free' polymer/ChLC nanocomposites. The SR band-width is the full width at half
maximum of the reflection spectrum, and the normalized SR band-width is defined as the
relative band-width of the SR compared to the zero field. The threshold electric field increases
with an increase in the monomer concentration. The higher threshold in high-monomer-
concentration polymer/ChLC nanocomposite is thought to be attributed to the stronger
anchoring force resulting from the polymer networks. In addition, the slope gradient above the
threshold is larger for the lower-monomer-concentration sample. This implies that a more
efficient tuning of the refractive index is possible in the lower-monomer-concentration
polymer/ChLC nanocomposites, because of the increase in the number of non-
photopolymerized LC molecules contributing to the refractive index tuning. The low-monomer-
concentration polymer/ChLC nanocomposite exhibits improved electro-optic characteristics,
such as lower threshold and higher effective refractive index tuning range.
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Figure 2.2 Electrical tuning of the SR band in the 'deformation-free' polymer/ChLC
nanocomposite with different monomer concentrations (gmono) at a
polymerization temperature of +20 °C: (a) @mono = 16.0 Wt%0, (b) @mono =
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Figure 2.3 Normalized SR band-width with respect to the applied electric field in
the 'deformation-free' polymer/ChLC nanocomposites polymerized at
+20 °C with different monomer concentrations.

It is also possible to improve the driving voltage of 'deformation-free' polymer/ChLC
nanocomposites by changing the polymerization temperature. The samples were fabricated
from a polymer/ChLC precursor containing 15.8 wt% of mesogenic monomer, 77.2 wt% of
host nematic LC, 6.0 wt% of chiral dopant and 1.0 wt% of photoinitiator. The polymerization
temperature was varied from +20 °C to -20 °C at 20 °C intervals. Figure 2.4 shows the voltage-
dependent reflectance of the polymer/ChLC nanocomposites with different polymerization
temperatures. All the samples exhibited a switching behavior typical of a ‘deformation-free’
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polymer/ChLC nanocomposite. Figure 2.5 shows the normalized SR band-width with respect
to the applied electric field in the 'deformation-free’' polymer/ChLC nanocomposites at different
polymerization temperatures. The threshold electric field decreases with an increase in the
polymerization temperature. From the result of Fig. 2.6, we can attribute a decrease in the
threshold electric field of 'deformation-free' polymer/ChLC nanocomposites to an increase in
the LC domain size formed in the nanocomposite. The smaller the domain size, the stronger the
anchoring force resulting from the polymer network. The effect of polymerization temperature
on the domain size will be discussed in detail in section 2.5.

30 30 30

70
25 25 25

£ 60
s 20 20 20 50
= )
3 15 15 15 402
w [0
L 30 ‘8’
3 10 10 10 2
m 208

5

O =
o

0

560 600 640 680 560 600 640 680 520 560 600 640
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(a) (b) (c)

Figure 2.4 Electrical tuning of the SR band in the 'deformation-free' polymer/ChLC
nanocomposites with monomer concentration of 15.8 wt%o at different
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Figure 2.5 Normalized SR band-width with respect to the applied electric field in the
‘deformation-free' polymer/ChLC nanocomposites with monomer
concentration of 15.8 wt%o at different polymerization temperatures.
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(b)

Figure 2.6 Polymerization temperature dependence of the SEM images in the
polymer/ChLC nanocomposites with monomer concentration of 15.8
wt%: (a) Tp = +20 °C, (b) T, = 0°C, (c) T, =-20 °C.

The threshold electric field can be decreased by both a reduction in the monomer
concentration and a rise in the polymerization temperature. However, the polymerization
temperature has a smaller influence than the monomer concentration on the slope gradient
above the threshold. This is because the number of unpolymerized LC molecules in all the
samples used in the experiment of polymerization temperature change is almost the same.
Therefore, a reduction in the monomer concentration is a more effective method for increasing
the availability of the 'deformation-free’ polymer/ChLC nanocomposites by lowering the
driving voltage. However, there is a limit for reducing the monomer concentration, since the
‘deformation-free' switching behavior requires polymer concentrations of a few to several tens
of wt% values, as mentioned earlier. When the monomer concentration of polymer/ChLC
composites is less than the minimum amount required for the ‘deformation-free' switching mode,
the 'polymer-stabilized' switching behavior is observed instead of the 'deformation-free'
switching behavior; i.e., a qualitative change in the electro-optic response occurs. In the rest of
this chapter, we focus on the effects of both monomer concentration and polymerization
temperature on the qualitative change in the electro-optic response of the low-monomer-
concentration polymer/ChLC composites from ‘polymer-stabilized' to ‘deformation-free'.

2.3 Materials and experimental procedure

2.3.1 Materials

In this chapter, the precursor mixtures of mesogenic monomer and ChLC were prepared by
mixing four materials, namely, a photopolymerizable LC monomer (Merck, RM257), a nematic
LC (Merck, MLC-6849-100), a chiral dopant (Merck, ZLI1-4572) and a photoinitiator (Ciba,
Irgacure 819). The detailed composition of each sample used in this chapter is listed in Table
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2.2. The molecular structures of the mesogenic monomer RM257 and the chiral dopant ZLI-
4572 are shown in Fig. 2.7 and Fig. 2.8, respectively. The physical properties of RM257 and
MLC-6849-100 are listed in Table 2.3. The materials were dissolved in chloroform and left to
evaporate for approximately 3 days.

g sEags I

Figure 2.7 Molecular structure of the mesogenic monomer RM257.

AL =~

Figure 2.8 Molecular structure of the chiral dopant ZL1-4572.

Table 2.2 Composition of the samples used in this chapter.

Mesogenic monomer Nematic LC Chiral dopant Photoinitiator
(RM257) (MLC-6849-100) (ZL1-4572) (Irgacure 819)
[wt%] [wt%] [wt%)] [wt%)]
6.6 87.0 5.4 1.0
8.9 84.5 5.6 1.0
11.2 82.1 5.7 1.0
13.5 79.6 5.9 1.0
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Table 2.3 Physical properties of each material used in this study.

. Extra-ordinary o Dielectric
Material . Birefringence (An) )
refractive index (ne) anisotropy (Ag)
RM257 1.687 0.179 -1.5
MLC-6849-100 1.6003 0.1138 11.3

2.3.2 Fabrication of polymer/cholesteric liquid crystal cell

The fabrication process of the polymer/ChLC cell is described in Fig. 2.9. The mixture was
injected into an indium-tin-oxide (ITO)-coated planar sandwich cell with a cell-gap of 10 um
(purchased from E. H. C Co.) in the isotropic phase (100 °C). The helical axis of the ChLC was
perpendicular to the glass substrate. The sample was cooled to the cholesteric phase, and
polymerized by irradiating UV light with a wavelength of 365 nm and a power of 200 mW/cm?
for 1 hour. The temperature of the sample was controlled by a temperature-controlled stage
comprising a pure silver heating/cooling block, used for improved heat transfer, within the
sample chamber (Linkam Scientific, LTS420E). Liquid nitrogen used as a coolant was injected
into the block, and the recycled nitrogen gas was used for preventing moisture condensation. A
platinum resistor was used as a temperature sensor, and the temperature stability of the
temperature-controlled stage was less than 0.1 °C.

In general, irradiation of UV light from one side of the sample leads to a variation in polymer
morphology along the depth direction of the cell, causing light reflectance to differ depending
on the direction of light incidence [40,65,66]. Although the polymer/ChLC composites were
fabricated under an asymmetrical irradiation condition, almost the same reflectance spectra
were observed regardless of the observation direction, as shown in Fig. 2.10. The similarity
between the two reflectance spectra is possibly due to the strong UV light intensity used. This
implies that in our sample, the polymer network is more or less homogeneous throughout the
sample.
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Figure 2.9 Fabrication process of the sample: (a) Preparation of the ITO-coated
planar sandwich cell, (b) Injection of the LC materials in the isotropic

phase, (c) Temperature cooling into the LC phase, and (d) Photo
polymerization process.
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Figure 2.10 Reflectance spectra observed from top and bottom of the sample after
curing under an asymmetrical irradiation condition.
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2.3.3 Fabrication of samples for measuring polymer morphologies

The polymer morphologies of the polymer/ChLC nanocomposites were observed by field
emission scanning electron microscopy (SEM) (Hitachi S-4300). For SEM observation, the cell
was opened and rinsed with super-critical CO2 (Rexxam Co. Ltd., SCRD401) after the
polymerization process. Only the unpolymerized LC molecules inside the polymer network
were removed without destroying the microstructure in the polymer. Ethanol was used as a
washing solvent and super-critical CO2 was used for drying. A gold thin film was coated on the
polymer surface after removing the LC molecules to form a thin layer approximately 10 nm
thick.

Super—critical
CO, rinsing W

2y 7

SEM

Measurement

Openthe cell

Figure 2.11 Schematic of the process followed for SEM measurements.

2.3.4 Measurement setup of the electro-optic characteristics

A schematic of the experimental setup for measurement of voltage-dependent reflectance
and response time is shown in Fig. 2.12. The reflection spectra were measured on a polarizing
optical microscope using a fiber-optic spectrometer (Hamamatsu Photonics, PMA-11, fiber
diameter of ~ 1 mm) and a 10x objective lens (N.A. 0.3), as a square wave electric field with a
frequency of 1 kHz was applied along the helical axis on the cell. The incident direction of the
light coincided with the helical axis, and the SR band was observed in a direction normal to the
substrate. The fiber-optic spectrometer has a simultaneous measurement wavelength range of
200 nm ~ 950 nm with a spectral resolution of 2 nm. A halogen lamp was used as a wideband
light source with a spectral range of 400 nm ~ 900 nm and the incident light was focused onto
a spot with diameter of ~ 0.3 mm. The response times were measured under the same conditions
but by using a fiber patch cable with a diameter of 200 um, a photomultiplier tube (Hamamatsu
Photonics, H10722-20, spectral response wavelength of 230 nm ~ 920 nm) and a digital
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oscilloscope (Tektronix, TDS 3012). The measured response time was the time required for the
intensity to change from 10% to 90%.

Response Time
Measurement

PMT
Spectral Response
(230 nm ~ 920 nm)

Digital
Oscilloscope

Voltage-dependent
Reflectance Measurement

(Wavelength
Range :
200 nm ~ 950 nm)

\ Beam Splitter

\ Beam Spot

~ 0.3 mm
] Objective Lens

Wideband Linear (:10 NA 0.3) R A

Light Source Polarizer ' ' T

(Spectral Range :
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Figure 2.12 Experimental setup for measurement of voltage-dependent reflectance
and response time.

2.4 Electro-optic characteristics

We first describe the change in electro-optic responses of polymer/ChLCs with various
monomer concentrations. All samples were photopolymerized at a temperature of +20 °C in the
ChLC phase. Figure 2.13 shows the voltage-dependent reflectance of the polymer/ChLC
nanocomposites with monomer concentrations varying from 6.6 wt% to 13.5 wt%. In the SR
band, only half of the unpolarized incident light, which is a circularly polarized light with the
same handedness as the helical axis, is reflected from the sample. The nanocomposite with the
monomer concentration of 6.6 wt% showed a switching behavior typical of a ‘polymer-
stabilized' ChLC; with increasing electric field, the reflection band blue-shifted and the peak
reflectance decreased, eventually disappearing completely. This is explained by the tilting of
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the cholesteric helix before becoming unwound [33]. The 8.9 wt% sample showed a different
electro-optic response in that the SR band became narrower without a blue-shift and the peak
reflectance also decreased. As the concentration was increased further, the red-shift of the short
band-edge wavelength became smaller, and no further shift in the short band-edge wavelength
was observed at monomer concentrations of 13.5 wt%. Considering the theoretical band-width
of the SR band (n, x p—n, x p), the response of the 13.5 wt% sample indicates a decrease in

n, while p and n, remain constant; i.e., a 'deformation-free' response is achieved, with the

effective refractive index changing without distorting the helical structure.
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Figure 2.13 Electrical tuning of the SR band in the polymer/ChLC nanocomposites
with different monomer concentrations at a polymerization temperature
of +20 °C: (@) @nono = 6.6 W%, () Pmono = 8.9 W%, (C) @mono = 11.2 Wt%,
(d) @mono = 13.5 wt%.

We will now show that a similar control over the electro-optic response can be achieved by
modulating the degree of phase separation by changing the polymerization temperature. Figure
2.14 shows the voltage-dependent reflectance data of polymer/ChLC nanocomposites
fabricated from a mixture containing 6.6 wt% of mesogenic monomer; the polymerization
temperatures were varied between +20 °C and -20 °C in intervals of 10 °C in the ChLC phase.
The switching behavior of the polymer/ChLC nanocomposites gradually changes in a similar
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manner as for the monomer concentration. Similar to the sample with a high monomer
concentration of 13.5 wt%, the nanocomposite at a polymerization temperature of -20 °C also
exhibited the 'deformation-free' switching behavior.
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Figure 2.14 Electrical tuning of the SR band in the polymer/ChLC nanocomposites
with low monomer concentration of 6.6 wt% at different polymerization
temperatures: (a) T, =+20 °C, (b) T,=+10°C, (¢) T, =0°C, (d) T, =-10
°C, (e) T, =-20°C.

2.5 Polymer network morphologies

To investigate the mechanism driving the change in electro-optic response, the morphology
of the polymer network in each sample was observed by SEM after rinsing out the
unpolymerized LC with super-critical CO.. As shown in Fig. 2.15, the size of the voids, which
correspond to the LC domains, is smaller in the samples with lower polymerization
temperatures. An analysis of the pores observed in the SEM images of Fig. 2.15 yields average
sizes of ~297 nm (average over 20 voids), ~ 196 nm (average over 30 voids), ~ 129 nm (average
over 30 voids), ~ 67 nm (average over 40 voids), and ~ 38 nm (average over 50 voids) at
polymerization temperatures of +20 °C, +10 °C, 0 °C, -10 °C, and -20 °C, respectively. The
average pore size is gradually reduced as the temperature decreases. We therefore attribute the
change in electro-optic response to the change in LC domain size formed in the composite.
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Figure 2.15 Polymerization temperature dependence of the SEM images in the
polymer/ChLC nanocomposites with monomer concentration of 6.6
wt%o: (a) Tp =+20 °C, (b) T, =+10°C, (c) T, =0°C, (d) Tp =-10°C, (e)
Tp=-20°C.

The driving force leading to the formation of smaller domain sizes is believed to be the
increased viscosity at lower temperatures. LCs typically have viscosities that have an
approximately Arrhenius-type dependence on the temperature [67,68].

The viscosity, 77, following the Andrade's viscosity formula is expressed as

E
=AeX | )
n p(kBTj (2.1)

where A isaconstant, E, isthe activation energy, kg is the Boltzmann constant, and T is the

absolute temperature. The activation energy is an intrinsic property of the material and does not
vary with temperature. In the phase separation forming LC domains, the change in viscosity
caused by temperature is considered to affect the size of the LC domains.

Here, we consider how the viscosity affects the formation of LC domains. According to Eq.
(2.1), when the temperature reduces, the viscosity increases, thereby reducing the diffusion
speed of the molecules. It is believed that when the diffusion speed of the molecules is slower,
phase separation is suppressed since phase separation is a phenomenon in which LC molecules
and polymers are aggregated to each other. Therefore, the LC domain size is believed to
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decrease with an increase of viscosity. Assuming that the size of the LC domains is inversely
proportional to viscosity to the power of g, Eq. (2.1) becomes:

(1) g %
D {ﬂj Bexp( kBTj’ (2.2)

where D is the diameter of the LC domain and B is a constant. Figure 2.16 shows the
Arrhenius plot of the domain size. In this case, the natural log plot of domain size should yield
a straight fitting line. The apparent activation energy gE, is calculated as ~ 10 kJ/mol from the
straight line fit.
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Figure 2.16 Arrhenius plot of the domain size distribution. The blue line is the fitting
line.

From the results of this analysis, the reason for the smaller domain size with decreasing
polymerization temperature seems to be a large viscosity due to the influence of the temperature
dependence. Therefore, phase separation and diffusion of the polymerized monomers become
suppressed at low temperatures, leading to smaller LC domains.

Low-temperature polymerization has proven useful in down-sizing the LC domains and
improving the electro-optic response time in polymer/nematic LC composites [69]. Here, we
have shown that low-temperature polymerization in a polymer/ChLC composite can lead to a
qualitative change in the electro-optic response from 'polymer-stabilized' to 'deformation-free'.

Because the 'deformation-free' electro-optic response is caused by a change in the polymer
morphology, the same effect can be expected in polymer/ChLC composites in general. However,
the monomer concentration at which the 'deformation-free’ response occurs would depend on
the material parameters, such as viscosity, low temperature stability of the LC phase, reactivity
of the polymer, and miscibility of the LC and polymer. In our material system, 6.6 wt% is close
to the minimum concentration required to observe the effect, since the sample with 4.3 wt%
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monomer concentration did not show the 'deformation-free' response even at a polymerization
temperature of -40 °C as shown in Fig. 2.17.

30
70
25
— 60
l
s 50
i)
° 15 408
L G
L 300
i 200
5
10

o

600 640 680 720
Wavelength (nm)

Figure 2.17 Electrical tuning of the SR band in the polymer/ChLC composite with
monomer concentration of 4.3 wt% at a polymerization temperature
of -40 °C.

2.6 Response time

In this section, we will discuss in detail the polymerization temperature dependence of the
decay time in the low-monomer-concentration polymer/ChLC composite, since the rise time of
the polymer/ChLC composite has an electric field dependence, rather than a polymerization
temperature dependence, and is relatively fast (less than 100 us) [67].

The reflected intensity of the light incident normally on to the polymer/ChLC composites
decreases upon application of an electric field, and returns to its original value upon removal of
the field (Fig. 2.13). The decay time was evaluated by measuring the variation in the entire
reflected light intensity as an electric field was applied and then removed. Figure 2.18 shows
typical transient responses obtained upon removal of a 1 kHz rectangular wave, for samples
with different polymerization temperatures. The reflected light intensity of the sample
polymerized at +20 °C varied gradually versus time, unlike the other samples. Therefore, the
decay time was estimated from the time required for the reflected light intensity to change from
10% to 90% of its maximum value.

As shown in Fig. 2.19, the decay time showed little dependence on the electric field, but a
large dependence on the polymerization temperature. The polymer/ChLC composite at a
polymerization temperature of +20 °C showed a slow decay response of more than 20 ms. The
decay time is faster with a decrease in the polymerization temperature. The polymer/ChLC
nanocomposite at a polymerization temperature of -20 °C showed a fast decay time of
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approximately 20 us. The ~ 1000-fold improvement in the decay time was obtained by reducing
the polymerization temperature from +20 °C to -20 °C.

This drastic improvement in the decay time is thought to originate from the localized motion
of the LC molecules confined in small volumes. The results of the domain size analysis
evaluated by SEM images of Fig. 2.15 are considered once again. The helical pitches of all
samples used in this study are approximately 450 nm, which is estimated from the SR band-
width and refractive index of LC materials. The average domain size in the sample at a
polymerization temperature of -20 °C is approximately 38 nm, which is sufficiently smaller
than (less than a tenth of) the helical pitch. In the case of smaller LC domains, these nano-sized
domains are considered as a medium for controlling the effective refractive index in the
polymer/ChLC nanocomposites without affecting the macroscopic helical structure. The fast
relaxation response is thought to be attributed to the Fredericks-type reorientation of the
unpolymerized LC molecules within small LC domains [64]. As described in section 1.4, the
decay time in the polymer/ChLC nanocomposites decreases as the correlation length, which
corresponds to the distance between the anchoring walls of the polymer networks, decreases.
Therefore, a fast decay time of 20 us was achieved, when the correlation length was limited to
the LC domain size of a few tens of nanometers.

On the other hand, the average domain size in the sample at a polymerization temperature of
+20 °C is approximately 297 nm. Moreover, domains having a size over 500 nm (more than the
helical pitch) were observed. In such a large LC domain, the relaxation dynamics is thought to
be mainly affected by the tilting of the cholesteric helix before becoming unwound. Therefore,
a decay response of more than 20 ms was achieved. Under an electric field, the tilting of the
helix of the unpolymerized ChLC causes the blue-shift and the reduction in the peak reflectance
in the SR band as shown in Fig. 2.14. The reduction in peak reflectance is attributed to light
scattering due to the deviation of the helical axis from the planar state. The detailed relaxation
dynamics of the sample at polymerization temperatures of both -20 °C and +20 °C will be
discussed in chapter 3.

For other samples at polymerization temperatures of +10 °C, 0 °C, and -10 °C, a few small
domains follow the fast relaxation dynamics related to the Fredericks-type reorientation of the
unpolymerized LC molecules, while the others follow the dynamics of the tilting of the helix
of the unpolymerized ChLC, since the size of the each LC domain in a single sample is
distributed statistically. Therefore, the decay response in the polymer/ChLC nanocomposites at
polymerization temperatures of +10 °C, 0 °C, and -10 °C is thought to be a combination of two
different relaxation dynamics. If the number of small domains is large, the motion of the non-
reactive LC molecules is mainly governed by the fast relaxation dynamics. The fast decay time
was obtained by reducing the polymerization temperature, since the average domain size
decreased with a decrease in the polymerization temperature.
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Figure 2.18 Typical transient responses obtained upon removal of a 1 kHz

rectangular wave in the polymer/ChLC nanocomposites with low

monomer concentration of 6.6 wt% at different polymerization
temperatures: (a) T, =+20°C, (b) T, =+10°C, (c) T,=0°C, (d) T, =-10

°C, (6) Tp = -20 °C.
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Figure 2.19 Electric field dependence of decay time in the polymer/ChLC
nanocomposites with low monomer concentration of 6.6 wt%o at
different polymerization temperatures.

2.7 Improvement of the electro-optic characteristics due to the low
temperature polymerization

Until now, we have discussed the change in electro-optic response mode of the low-
monomer-concentration polymer/ChLC nanocomposites. In this section, we verify the
improvement in electro-optic characteristics of the low-monomer-concentration polymer/ChLC
nanocomposite at a polymerization temperature of -20 °C by comparing to the composite
containing a higher monomer concentration of 13.5 wt%. All samples showed a switching
behavior typical of a 'deformation-free’ ChLC, as shown in Fig. 2.13 and Fig. 2.14. Figure
2.20(a) compares the electro-optic response of the polymer/ChLC nanocomposites fabricated
from a high monomer concentration of 13.5 wt% at a polymerization temperature of +20 °C
and that fabricated from a low monomer concentration of 6.6 wt% at a polymerization
temperature of -20 °C. From Eqg. (1.28), the SR band-width, AA, is determined by the product
of the helical pitch, p, and the anisotropy, An, i.e., AA=Anx p. The normalized SR band-

width (AA/A4,) is the width of the SR band (AA) relative to the width at zero field (A4, ) and,
because the short band-edge wavelength is immobile in both samples, the normalized SR band-
width corresponds to the efficiency in tuning the refractive index (An/An,). Figure 2.20(b)
depicts the decay time (for the intensity to change from 10% to 90%) for various applied field
strengths and shows that comparable response times of about 20 us are obtained for the two
nanocomposites. The decay time for the 'polymer-stabilized' ChLC (@ono = 6.6 Wt%, Tp = +20
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°C) is also presented as a reference, and shows that the change in electro-optic response mode
improves the response time by ~ x1000.

We can draw the following conclusions regarding the electro-optic response. First, the two
samples showed similar thresholds around 15 V/um regardless of the difference in the polymer
concentration. This implies that the threshold voltage of the nanocomposite is determined not
only by the concentration of the polymer but also by the size of the LC domains in the composite.
The fact that comparable decay times were obtained also supports the presence of similar-sized
pores in the two nanocomposites. Second, the slope gradient above the threshold improved from
0.0296 to 0.0397 on lowering the monomer concentration, implying a more efficient tuning of
the refractive index. The normalized SR band-width (AA/AA,) changes from 0.583 to 0.494

when an electric field of 30 V/um is applied. This can likely be attributed to the increased
number of LC molecules that can contribute to the refractive index in the low-monomer-
concentration sample. In order to obtain the normalized SR band-width of 0.6, the high- and
low-monomer-concentration samples require an electric field intensity of 29.2 VV/um and 25.5
V/um, respectively. In other words, the required electric field is decreased by 12.7%. Since the
field required to drive the tuning of the refractive index by a given amount is determined both
by the threshold and slope gradient, low-temperature polymerization leads to polymer/ChLC
nanocomposites with improved properties, i.e., comparable response times but with reduced
driving voltage, making them more practical for real-life applications.
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Figure 2.20 Electro-optic characteristics of the polymer/ChLC nanocomposites
showing 'deformation-free" electro-optic switching mode with high
monomer concentration of 13.5 wt% and low monomer concentration of
6.6 wt%o at each polymerization temperatures. (a) Electric field
dependence of the normalized SR band-width. (b) Electric field
dependence of decay time.
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2.8 Summary

To conclude, we showed that polymer/ChLC nanocomposites showing the ‘deformation-
free' electro-optic response can be prepared in a sample containing only 6.6 wt% of monomer,
by controlling the degree of polymerization-induced phase separation through polymerization
temperature control. The appearance of the ‘deformation-free' switching mode is determined by
the size of the LC domains dispersed in an anisotropic polymer matrix. The low monomer
concentration samples can reduce the driving voltage by increasing the number of the LC
molecules in response to an external electric field. The low-temperature polymerization
procedure is a step towards realizing polymer/ChLC composites with practical driving voltages.
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Chapter 3 Helical pitch dependence of the electro-optic
characteristics in polymer/cholesteric liquid crystal
nanocomposites having ultra-small liquid crystal domains

3.1 Introduction

The fabrication of polymer/ChLC composites by in-situ polymerization of a mesogenic
monomer and ChLC has been proven to be effective in improving the response time of ChLCs.
Depending on the size of pores in the composite, polymer/ChLC composites show two response
modes: 'polymer-stabilized' response, in which the reflection band blue-shifts and the peak
reflectance decreases with an increase in the electric field [23], and 'deformation-free’ response,
in which only the long band-edge wavelength blue-shifts [24]. The 'deformation-free’ mode
appears in composites with nano-sized LC domains. Consequently, the ‘deformation-free'
polymer/ChLC nanocomposites show a faster response time on the order of 10 ps. The
‘deformation-free’ mode enables new functionalities to be achieved for the nanocomposites,
such as tunable optical rotation and phase modulation [24,26]. An important parameter for
ChLC-based devices is their pitch, as it determines the spectral position of the SR band, and
hence in most cases, the operating wavelength. However, the dependence of the electro-optic
performance on the helical pitch in the polymer/ChLC composites has not yet been clarified.
Gaining insight into the characteristics of polymer/ChLC composites is important for the future
development of devices based on these materials.

In this chapter, different types of helical pitch dependence of the threshold electric field for
polymer/ChLC nanocomposites showing ‘polymer-stabilized' and 'deformation-free' responses
are investigated. As described in chapter 2, two different electro-optic response modes appear
in the same polymer/ChLC precursor due to change in the polymerization temperature [27].
Four polymer/ChLC precursors with different helical pitches were prepared, and polymerized
in the ChLC phase at either +20 °C or -20 °C to fabricate composites showing the ‘polymer-
stabilized' and 'deformation-free' responses, respectively. Both samples showed a decrease in
the threshold electric field with increasing pitch; however, with regard to the electro-optic
response modes, the dependences were different, with the 'deformation-free' samples displaying
lesser dependence. The helical pitch dependence of the ‘polymer-stabilized' nanocomposites is
explained by the tilting of the helix, or Helfrich deformation. On the other hand, the helical
pitch dependence of the low-temperature-polymerized nanocomposites is attributed to the
Fredericks-transition-like response of the LC molecules confined in nano-sized LC domains.
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3.2 Materials and experimental procedure

3.2.1 Materials and fabrication process

Four kinds of mesogenic monomer/ChLC mixtures with different chiral dopant
concentrations were used in this chapter. The materials for preparing the mesogenic
monomer/ChLC mixtures are the same as those used in chapter 2. Detailed composition of each
sample used in this chapter is listed in Table 3.1. The relative weight ratio of RM257 and MLC-
6849-100 was fixed, while the concentration of ZLI1-4572 was varied between 4.4 wt% and 7.4
wit% in 1 wt% steps to clarify the helical pitch dependence of the threshold electric field in the
polymer/ChLC nanocomposites. The materials were dissolved in chloroform and left to
evaporate for approximately 3 days.

The fabrication process of the samples for investigating the electro-optic characteristics and
polymer morphologies is the same as that used in chapter 2. The polymerization temperature of
the samples was either +20 °C or -20 °C.

Table 3.1 Composition of the samples used in this chapter.

Mesogenic monomer Nematic LC Chiral dopant Photoinitiator
(RM257) (MLC-6849-100) (ZL1-4572) (Irgacure 819)
[wt%o] [wt%] [wt%] [wt%]
6.67 87.93 4.40 1.00
6.60 87.00 5.40 1.00
6.53 86.07 6.40 1.00
6.46 85.14 7.40 1.00

3.2.2 Measurement of the helical pitch

In a conventional ChLC system, the helical pitch, p, follows Eqg. (3.1) [70]

!
cxHTP'

p (3.1)

where c is the concentration of the chiral dopant and HTP is the helical twisting power of it.
From Eq. (3.1), the helical pitch is inversely proportional to the chiral dopant concentration. In
other words, it is possible to control the helical pitch by changing the chiral dopant
concentration.
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There are many methods to determine the helical pitch. In this dissertation, the Grandjean-
Cano wedge method was used for determining the helical pitches of the samples [71]. Figure
3.1(a) shows a schematic illustration of the Grandjean-Cano wedge method. The wedge angle

is expressed by tan{%]. When two polished substrates are used, the number of turns
2

enabled for the helical structure must be quantized so that the thickness of the cell is an integral
multiple of the half-pitch, p/2, due to the anchoring between the LC molecules and the
substrates of the wedge cell. The ChLC inside the wedge cell is separated by domains as shown
in Fig. 3.1(b), since the number of half-turns is different in each domain. The disclination lines
appear when the local cell gap of the wedge cell is different. Therefore, the helical pitch is
related to the distance between the disclination lines, L, and the wedge angle by

p=2L x dZT_Zdl : (3.2)

For making a wedge cell, two glass substrates with planar alignment, prepared by rubbing a
polyimide-coated glass substrate, were assembled with an angle. A polyimide film (AL1254,
JSR) was coated onto the surface of the glass substrates by spin coating method. A wedge angle
of ~ 0.04° was obtained by using two other spacers having thickness of 3 um and 6 um.

(a) (b)

Figure 3.1 (a) Schematic illustration of the Grandjean-Cano wedge method. (b)
Typical micrograph of a Grandjean-Cano wedge cell filled with
polymer/ChLC.

3.3 Electro-optic characteristics

To discuss the helical pitch dependence of the threshold electric field, we first show the
chiral dopant concentration dependence of the helical pitch. Figure 3.2 shows the dependence
of the helical pitch on the chiral dopant concentration in samples polymerized at the
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temperatures of +20 °C and -20 °C. The helical pitch lengths of the samples polymerized at the
temperatures of +20 °C and -20 °C varied between 340 nm and 550 nm. As shown in Fig. 3.2,
the helical pitch of the samples polymerized at both the temperatures of +20 °C and -20 °C
decreases as the chiral dopant concentration increases.
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Figure 3.2 Dependence of the helical pitch on the chiral dopant concentration in
samples with polymerization temperature of +20 °C and -20 °C.

The electric-field-dependent reflectance spectra of the polymer/ChLC composites
polymerized at +20°C are shown in Fig. 3.3. All nanocomposites showed a switching behavior
typical of a 'polymer-stabilized’ ChLC; with increasing electric field, the reflection band
broadened and the peak reflectance decreased. This is explained by the tilting of the cholesteric
helix. In general, the transition of pure ChLC from the planar to the focal-conic state occurs
through two different processes. One is through the appearance of the oily streaks, which are
bent cholesteric layers and the other is through the Helfrich deformation, which is an undulation
of the helical axis [32]. In the case of 'polymer-stabilized' ChLC, the nucleation of the oily
streaks is suppressed by the polymer network [72]. Therefore, the electro-optic response of the
polymer/ChLC composites polymerized at +20 °C is thought to be mainly affected by the
Helfrich deformation.

Theoretically, the Helfrich threshold, E,,, for the transition from the planar to the Helfrich

state in a bulk ChLC, is inversely proportional to the square root of the helical pitch length, p
(E,, oc p™°) [33]. To determine the threshold electric field to tilt the helix in the polymer/ChLC

nanocomposites polymerized at +20 °C, we plot the electric field dependence of the normalized
peak reflectance of the SR band (Fig. 3.4(a)) and determine the electric field at which the
normalized peak reflectance begins to decline; this corresponds to the cholesteric layers
becoming undulated. The threshold electric field, E,, , is determined by fitting the data below
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and above threshold with a line function and taking the point of intersection. As shown in Fig.
3.4(b), the threshold electric field increases with decreasing pitch in the ‘polymer-stabilized'

ChLCs. An analysis of the data using a power law equation E,, =Ap™ yields a best fit for p =

0.57, which is close to the predicted value from Helfrich threshold. The results therefore suggest
that the response of the 'polymer-stabilized' ChLCs is dominated by the Helfrich deformation
of the helix.
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Figure 3.3 Electrical tuning of the SR band in the polymer/ChLC nanocomposites
with different chiral dopant concentrations (gwiral) at a polymerization
temperature of +20 °C: (@) @nira = 4.4 Wt%0, (D) @ehira = 5.4 Wt%0, (C) @ehiral

= 6.4 wt%, (d) ¢chiral = 7.4 wt%.

=45 -



§1 . 13.0
g~ T 125}
o =
;q:_) b 120

0.9t S q15l
< ] A 4 5 115

° v D

o . W 11.0F
= -ty S 105
©0.8F m Chiral Dopant 4.4 e v e [
N ® Chiral Dopant 5.4 9 100}
g Chiral Dopant 6.4 ? v g
= v Chiral Dopant 7.4 » v = 95F

0.7 1 1 n L L 1 " "
<70 5 10 15 350 400 450 500 550

Applied E-field (V/um) Helical Pitch (nm)
(a) (b)

Figure 3.4 Dependence of the electro-optic switching on the helical pitch in the
polymer/ChLC nanocomposites polymerized at +20 °C. (a) Normalized
peak reflectance with respect to the applied electric field at different
chiral dopant concentrations. (b) Helical pitch dependence of the
threshold electric field. The red solid circles represent the measured data
points and the red curve is the fitting curve. The blue dotted curve is the
fitting curve for B =0.5.

Figure 3.5 shows the electro-optic response of the nanocomposites polymerized at -20 °C,
and Fig. 3.6 shows the electric field dependence of the SR band position. The ‘deformation-
free' response is observed, where only the long band-edge wavelength blue-shifts without
showing a reduction in reflectance. Figure 3.7(a) shows the electric-field dependence of the
normalized SR band-width on the helical pitch for the ‘deformation-free’ polymer/ChLC
nanocomposites. The normalized SR band-width is defined as the relative band-width of the
SR band compared to the band-width at zero field, and the threshold electric field is evaluated
from the intersection point of the two line functions describing the response below and above
the threshold. Similar to the ‘polymer-stabilized' samples, the threshold decreases with an
increase in the helical pitch; however, a fit with the power function yields a smaller value for
the exponent B of approximately 0.33 (Fig. 3.7(b)). The smaller value compared to that
predicted from the Helfrich model implies that unlike the ‘polymer-stabilized' samples, the
electro-optic response in the 'deformation-free' polymer/ChLC nanocomposites is not
dominated by the tilting of the helix. In the following sections, we will study the textures and
the polymer network morphologies of the polymer/ChLC composites with different chiral
dopant concentrations in order to unveil the driving mechanism governing the 'deformation-
free' electro-optic response.
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Figure 3.5 Electrical tuning of the SR band in the polymer/ChLC nanocomposites
with different chiral dopant concentrations at a polymerization
temperature of -20 °C: (a) @niral = 4.4 Wt%0, (D) denira = 5.4 Wt%, (C) @enira
= 6.4 wt%, (d) @ehiral = 7.4 Wt%.
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Figure 3.6 Electric field dependence of the SR band position in the polymer/ChLC
nanocomposites with different chiral dopant concentrations at a
polymerization temperature of -20 °C: (&) @hira = 4.4 Wt%, (D) @nira = 5.4
wt%, (C) @eniral = 6.4 Wt%, (d) @enira = 7.4 Wt%.

-48 -



< 15.5
© —~
-=1.0 c
% 3 150}
2 s
8 S 145}
0.9 o
(%) Ww 140}
D o
N Chiral Dopant 4.4 wt% _8 1
= ® Chiral Dopant 5.4 wt% 7] 3.5r
£0.8 Chiral Dopant 6.4 wt% Qo
S v Chiral Dopant 7.4 wt% i 130t
= 1 1 L N N N N N
0 5 10 15 20 350 400 450 500 550
Applied E-field (V/um) Helical Pitch (nm)
(a) (b)

Figure 3.7 Dependence of the electro-optic switching on the helical pitch in the
polymer/ChLC nanocomposites polymerized at -20 °C. (a) Normalized SR
band-width with respect to the applied electric field at different chiral
dopant concentrations. (b) Helical pitch dependence of the threshold
electric field. The red solid circles represent the measured data points and
the red curve is the fitting curve. The blue dotted curve is the fitting curve
for B =0.5.

3.4 Textures of polymer/ChLC nanocomposites

The difference in the response mechanisms is also supported by the polarizing optical
micrographs of the samples. First, textures of the unpolymerized polymer/ChLC precursors
were investigated, in order to compare with the textures in the polymer/ChLC nanocomposites
polymerized at +20 °C and -20 °C. Figure 3.8 shows the reflective polarizing optical
micrographs of the unpolymerized polymer/ChLC precursors with and without electric field. A
long band pass filter with cut-off wavelength of 575 nm was used to avoid unintended
photopolymerization. As shown in Fig. 3.8, the unpolymerized samples showed planar textures
at zero electric field. Upon applying an electric field, both a Helfrich texture with two-
dimensional square patterns [32], and the growth of oily streaks were observed. The two
textures appeared almost at the same time, but the oily streaks gradually expanded to cover the
whole field of view. When the electric field was removed, the Helfrich texture appeared to
revert to the planar texture instantaneously, while the oily streaks reverted slowly.

The change in texture of the '‘polymer-stabilized' ChLC caused by the polymer network was
reported by another group [72]. The polymer network was thought to hinder the transition from
a planar state to a focal-conic state. As a result, the modified Helfrich texture appeared, although
the two-dimensional square patterns were modified. As the monomer concentration increased,
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the shape of the square pattern was considerably changed. The polymer/ChLC composites
polymerized at +20 °C showed distorted planar textures upon the application of an electric field,
as shown in Fig. 3.9. These distorted planar textures of the samples polymerized at +20 °C are
similar to the modified Helfrich texture reported by the other group. Similar to the Helfrich
texture, the textures of the samples polymerized at +20 °C also showed instantaneous
appearance and disappearance when the electric field was applied and removed, respectively.
Unlike the unpolymerized samples, the growth of the oily streaks was suppressed and the focal
conic textures did not appear even under a strong electric field. Therefore, the distorted planar
textures are also thought to be due to the Helfrich deformation. On the other hand, the samples
polymerized at -20 °C maintained the uniform planar cholesteric textures and only changed the
color of the reflected light even under a high electric field of 20 V/um (Fig. 3.10), i.e., the
effective refractive index of the material was changed while maintaining the macroscopic
helical structure. Therefore, the electro-optic response of the samples polymerized at -20 °C is
not a consequence of the Helfrich deformation.
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Figure 3.8 Polarizing optical micrographs of the unpolymerized polymer/ChLC
precursors with different chiral dopant concentrations.

-51 -



Figure 3.9 Polarizing optical micrographs of the polymer/ChLC composites
polymerized at +20 °C with different chiral dopant concentrations.
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Figure 3.10 Polarizing optical micrographs of the polymer/ChLC composites
polymerized at -20 °C with different chiral dopant concentrations.

3.5 Polymer network morphologies

In chapter 2, we mentioned that the threshold electric field increased with a decrease in the
domain size, despite having approximately the same pitch lengths. The change in LC domain
size caused by a change in pitch, if it exists, could be one of the causes for the change in
threshold. Figure 3.11 and Fig. 3.12 show the morphologies of the polymer networks in the
polymer/ChLC composites, after removing the unpolymerized LC molecules by super-critical
CO.. Figure 3.13 shows the dependence of the void size on the chiral dopant concentration,
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obtained by analyzing the images in Fig. 3.11 and Fig. 3.12. The void sizes were defined as the
diameter of the polymer-free regions enclosed by the polymer strands and evaluated from the
SEM images. The void sizes in Fig. 3.11 and Fig. 3.12 were averaged over 20 voids and 50
voids, respectively. The sizes of voids, which correspond to the LC domains, depend strongly
on the polymerization temperature [73]: the samples polymerized at +20 °C have pore sizes of
approximately 295 nm, while the samples polymerized at -20 °C have pore sizes of
approximately 40 nm. On the other hand, the effect of the helical pitch on the domain size is
hardly detectable. The decrease in the domain size depending on the polymerization
temperature can be attributed to the increased viscosity at a lower temperature, suppressing
polymerization-induced phase separation of the polymer and LC [27]. The difference in LC
domain sizes resulted in different reorientation mechanisms for the composites polymerized at
+20 °C and -20 °C. However, the negligible dependence of the domain size on the helical pitch
implies that the LC domain size is not a major cause of the difference in the threshold electric
fields.

(d)

Figure 3.11 Chiral dopant concentration dependence of the polymer network
morphologies in the polymer/ChLC nanocomposites polymerized at +20
°C: (@) @nira = 4.4 Wt%, (D) dnirat = 5.4 W%, (C) @hniral = 6.4 W%, (d)
@eniral = 7.4 Wt%.
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Figure 3.12 Chiral dopant concentration dependence of the polymer network
morphologies in the polymer/ChLC nanocomposites polymerized at -20

°C: (a) ¢chiral = 4.4 wt%, (b) ¢chiral = 5.4 wt%o, (C) ¢chiral = 6.4 wt%o, (d)
¢chiral = 7.4 wt%o.
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Figure 3.13 Chiral dopant concentration dependence of void-size distribution in the
polymer/ChLC nanocomposites polymerized at +20 °C and -20 °C.
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3.6 Fredericks-type reorientation of polymer/ChLC nanocomposite at a
polymerization temperature of -20 °C

The improved response time of the polymer/nematic LC nanocomposites having ultra-small
LC domains is caused by the effective decrease in the confined volume [64]. The Fredericks
transition of the nematic LC molecules confined in nano-sized domains of few tens of
nanometers was considered as an origin of the fast decay. This argument was limited to the
nematic phase and did not consider the effect of twist that is present in the ChLC. To extend
our discussion to the case of ChLC, we consider the Fredericks transition of twisted nematic
LC molecules confined between two anchoring walls with a correlation length of &, as shown

in Fig. 3.14. From the results shown in section 3.4, the macroscopic helical structure is retained
even under a strong electric field. The non-polymerized LC molecules confined in nano-sized
polymer walls are regarded as twisted nematic LC molecules. For a ChLC with pitch, p, the

total twist angle, @, in the domain is given by

o=

> (3.3)

When an electric field is applied along the twist-axis, the threshold electric field, E, , is

expressed as [30]

7+ K K..—2K @Y %
2N N8 S 3.4
E., : " {1+( K. j(ﬂj:l , (3.4)

where K, , K,,, K;; are the splay, twist and bend elastic constants, respectively. By
substituting Eq. (3.3) into Eq. (3.4), we get

1

JKL 1 K.-2K, )1 |2

E =N | — 44| 8”202 | = | (3.5)
th /Ag |:§2 [ Kll J 2j|

p
From Eq. (3.5), the threshold electric field increases when the helical pitch becomes smaller.
The proposed model has some limitations such as the anchoring imposed from the side-walls is

not incorporated. However, the model qualitatively provides a physical explanation for the
dependence of threshold electric field on the helical pitch.
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Figure 3.14 Schematic of the possible driving mechanism of the polymer/ChLC
nanocomposite having small domains.

3.7 Summary

In this chapter, the helical pitch dependence of the threshold electric field in low-monomer-
concentration polymer/ChLC nanocomposites was investigated. The polymerization
temperature changes the electro-optic switching response of the polymer/ChLC
nanocomposites from a 'polymer-stabilized’ response (room temperature polymerization) to a
‘deformation-free' response (low-temperature polymerization). The threshold electric fields of
the nanocomposites increased as the helical pitch became smaller for both response modes, but
the dependence was lesser in the 'deformation-free' sample, reflecting the difference in the
driving mechanisms. The properties of polymer/ChLCs revealed here should aid the application
of these materials in tunable electro-optic devices, such as phase modulators and tunable filters.

For the polarization-independent phase modulation, a polymer/short-pitch ChLC
nanocomposite can be utilized by tuning the effective refractive index instead of tuning the SR
band [26]. In this case, the operating wavelength of the polymer/short-pitch ChLC device is
longer than the spectral position of the SR band. Since the spectral position of the SR band is
not employed for the phase modulation, it does not matter if the helical pitch of the
polymer/ChLC nanocomposite is sufficiently short to implement the phase modulation.
Therefore, the threshold electric field can be lowered as the helical pitch of the polymer/ChLC
nanocomposite increases within the limit that phase modulation can be achieved.
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Chapter 4 Helical pitch dependence of the electro-optic
characteristics in polymer/cholesteric liquid crystal composites
having large-size liquid crystal domains

4.1 Introduction

In the previous chapter, small LC domains with an average diameter of 40 nm were observed
in the polymer/ChLC nanocomposites showing the 'deformation-free' electro-optic switching
mode. The threshold electric field of the 'deformation-free’ polymer/ChLC nanocomposites
having small LC domains increased as the helical pitch decreased. The driving mechanism of
the ‘'deformation-free' response mode is thought to originate from the Fredericks-type
reorientation of the LC molecules confined in small LC domains.

In this chapter, we investigate the helical pitch dependence of the threshold electric field in
a special case of polymer/ChLC nanocomposites having pitch-length scale LC domains. Five
samples with different helical pitches are prepared, and their electro-optic characteristics are
compared before and after polymerization. Unlike the case in chapter 3, the threshold electric
field of the nanocomposites showed little dependence on the helical pitch, while the
unpolymerized samples showed a clear inversely proportional relationship with the helical pitch.
The results are explained to be a consequence of the difference in the dynamics of the LC
molecules in each of the domains, since the domain sizes in the same sample are statistically
distributed. The polymer/ChLC composites that will be discussed in this chapter have pitch-
length scale LC domains. The dynamics of the LC molecules in each of the domains are
determined by the ratio of domain size to pitch length. When the helical pitch is sufficiently
larger than the domain size, Fredericks-type reorientation occurs within most of the LC domains.
In contrast, when the domain size is larger than the helical pitch, the dynamics of the LC
molecules in the domains are attributed to the helix deformation. The ratio of domain size to
pitch length is inversely proportional to the helical pitch, since the average domain size has no
dependence on the helical pitch. For short pitch samples, the driving mechanism tends to change
from the Fredericks-type reorientation to the helix deformation in some of the large LC domains.
The proportion of LC domains that show the helix deformation in the polymer/ChLC composite
increases as the helical pitch decreases. Therefore, the decrease in the threshold due to the
change in the driving mechanism in some of the large LC domains should countervail the
increase in the threshold caused by the reduced helical pitch observed in typical ‘deformation-
free' polymer/ChLC nanocomposites having small LC domains.
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4.2 Materials and sample preparation

Five types of mesogenic monomer/ChLC mixtures with different chiral dopant
concentrations are discussed in this chapter. The composition of each sample is listed in Table
4.1. The mesogenic monomer/ChLC mixtures comprised three materials from Merck: a
photopolymerizable LC monomer (RM257); a nematic LC (MLC-6657-000); and a chiral
dopant (ZL1-4572). No photoinitiator was used in this study. The physical properties of MLC-
6657-000 and RM257 are listed in Table 4.2. The relative weight ratios of RM257 and MLC-
6657-000 were set to 19.9 and 80.1, respectively, and the chiral dopant ZL1-4572 was added to
this mixture to change the helical pitch of the polymer/ChLC nanocomposite. The chiral dopant
concentration was varied from 6 wt% to 10 wt %. The materials were dissolved in chloroform
and left to evaporate for approximately 1 day.

Table 4.1 Composition of the samples used in this chapter.

Mesogenic monomer Nematic LC Chiral dopant
(RM257) (MLC-6657-000) (ZL1-4572)
[wt%)] [wt%)] [wt%)]
18.7 75.3 6.0
18.5 74.5 7.0
18.3 73.7 8.0
18.1 72.9 9.0
17.9 72.1 10.0

Table 4.2 Physical properties of each materials used in this chapter.

Material Extra-ordinary Birefringence (An) Dielectric
refractive index (ne) g anisotropy (Ag)
RM257 1.687 0.179 -15
MLC-6657-000 1.6767 0.1702 37.34

The helical pitches of the samples were measured using the Grandjean-Cano wedge method
using home-made, planar alignment wedge cells with a wedge angle of ~0.04°. The principles
and fabrication method for the Grandjean-Cano wedge cell are described in detail in section
3.2.2. The helical pitches obtained for the samples before and after polymerization with
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different chiral dopant concentrations are plotted in Fig. 4.1. The pitch lengths of the samples
before and after polymerization varied between 273 nm and 458 nm.
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Figure 4.1 Dependence of helical pitch on chiral dopant concentration both before
and after polymerization. The red solid squares and blue solid circles
denote the measured results before and after polymerization, respectively.

The fabrication processes of the samples for measuring the electro-optic characteristics and
polymer morphologies are almost the same as the processes in chapter 2. However, ITO-coated
planar sandwich cells with a cell-gap of 6 um (purchased from E. H. C Co.) were used. The
polymerization temperature and polymerization time for the samples were +25 °C and 40 min,
respectively.

4.3 Polymer network morphologies

From chapter 3, it was confirmed that the helical pitch cannot affect the domain size, whereas
the fabrication conditions such as polymerization temperature can. Figure 4.2 shows the SEM
images of the polymer/ChLC nanocomposites with different chiral dopant concentrations after
rinsing out the unpolymerized LC with super-critical CO2. All samples have approximately the
same void size of 200 nm ~ 400 nm and polymer network morphology, likely attributed to the
fact that the relative concentration of the LC monomer to the nematic LC and the fabrication
procedure are the same for all samples.
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Figure 4.2 SEM images of the polymer/ChLC nanocomposites with different chiral
dopant concentrations: (a) @nira = 6 Wt%0, (b) deniral = 7 W%, (C) @enira = 8
wit%o, (d) ¢chiral = 9 wt9o, (E) ¢chiral =10 wt%o.

In general, it is necessary to reduce the size of the LC domains to several tens of nanometers
for the implementation of the 'deformation-free’ response mode in polymer/ChLC
nanocomposites. However, it is possible to control the long band-edge wavelength without
changing the short band-edge wavelength, by using high monomer concentration
polymer/ChLC composites, even though the domain size is larger. In the following sections,
we will present in detail the electro-optic characteristics and textures of polymer/ChLC
composites having large-size LC domains.

4.4 Electro-optic characteristics

4.4.1 Electric field dependence of the selective reflection band

Figure 4.3 shows the electro-optic characteristics of the polymer/ChLC nanocomposites
before polymerization with different chiral dopant concentrations. All samples showed similar
electro-optic switching behavior. Before polymerization, the electro-optic response varies
depending on the applied field intensity. When a weak electric field is applied, the reflection
band becomes narrower, and the peak reflectance decreases with an increase in the electric field.
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At higher electric fields, the reflection band shifts to shorter wavelengths and eventually
disappears. This is explained by the gradual unwinding of the helical structure, showing a
transition to the focal-conic state where the helix axis is randomly oriented, before becoming
completely unwound [74]. Because the helical structure is deformed from a perfect sinusoid,
the reflectance decreases compared to the voltage off state.

On the other hand, once the material is polymerized, a completely different behavior is
observed, as shown in Fig. 4.4: above the threshold electric field, only the long band-edge
wavelength shortens, while the short band-edge wavelength remains constant. Because the long
and short band-edge wavelengths are given by A, ci.=Nx P and Ao caee =N, % P, the

result implies that only the extra-ordinary refractive index decreases, while the ordinary
refractive index and helical pitch remain constant. In contrast to the sample before
polymerization, the helical structure, stabilized by the cross-linked polymer network, is not
destroyed by the electric field. However, unlike the switching behavior typical of ‘deformation-
free' polymer/ChLC nanocomposites described in chapters 2 and 3, the peak reflectance
gradually decreases as the electric field increases. The reduction in peak reflectance is probably
caused by scattering due to the large domain size, which is comparable to the wavelength of
light. The LC domains are considered to act as scattering domains, since the effective refractive
indices of the LC domains are changed by the variation in the orientation direction of the LC
molecules within each domain by an electric field.
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Figure 4.3 Electrical tuning of the SR band in the polymer/ChLC nanocomposites before
polymerization with different chiral dopant concentrations: (a) @hira = 6 Wt%o,
(b) ¢ch|ra| =7 Wt%, (C) ¢ch|ral =8 Wt%, (d) ¢ch|ral =9 Wt%, (e) ﬁ:hlral =10 wt%.
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Figure 4.4 Electrical tuning of the SR band in the polymer/ChLC nanocomposites
after polymerization with different chiral dopant concentrations: (a) giral
=6 Wt%, (b) dhiral = 7 W0, (C) dniral = 8 Wt%0, (d) dehiral = 9 W0, (€) dniral
=10 wt%.

The threshold electric field, E,,, of a conventional ChLC is inversely proportional to the
helical pitch, p, as shown in Eq. (1.30). This relation implies that the shorter the cholesteric
helical pitch, the higher is the electrical energy required to unwind the helical structure [30]. To
find the threshold electric field for unwinding the helix in the samples before polymerization,
we measure the polarized reflectance from the samples and determine the electric field at which
the reflectance becomes zero; this corresponds to the situation when all molecules are aligned
along the electric field, thereby resulting in zero birefringence. Figure 4.5(a) shows the
polarized reflection intensity integrated over the wavelength range 480 nm ~ 730 nm. The
reflectance was integrated over the wavelength range 480 nm ~ 730 nm since the limited
spectral range of the polarizers made it difficult to carry out measurements at the central
reflection wavelength of each sample. As the chiral dopant concentration increases, or the
helical pitch shortens, the threshold electric field increases. Figure 4.5(b) shows the threshold
electric field with respect to the helical pitch. Analysis of the data using the power law equation
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E, =Ap™" yields a best fit for § = 0.97, which is close to the predicted value from Eq. (1.30).

The threshold is almost inversely proportional to the pitch, as shown in Fig. 4.5(b).
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Figure 4.5 Dependence of the electro-optic response on the chiral dopant
concentration of the samples before polymerization. (a) Polarized reflection
intensity integrated over the wavelength range 480 nm ~ 730 nm with
respect to the applied electric field at different chiral dopant
concentrations. (b) Threshold electric field with respect to the helical pitch.
The red solid circles represent the measured data points and the red curve
is the fitting curve. The blue dotted curve is the fitting curve for = 1.

Figure 4.6(a) shows the applied electric field dependence of the normalized SR band-width
after polymerization. The threshold electric field is defined as the electric field required for the
reflection band to start shifting. In contrast to the case of the unpolymerized samples, the
threshold electric field shows little dependence on the helical pitch. As shown in Fig. 4.6(b),
the thresholds for samples with different helical pitches vary slightly, between 5.5 V/um and
5.9 V/um. Consequently, the threshold electric field of the polymer/ChLC nanocomposites has
no dependence on the helical pitch.
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Figure 4.6 Dependence of the electro-optic response on the chiral dopant
concentration of the polymer/ChLC nanocomposites after
polymerization. (a) Normalized SR band-width with respect to the
applied electric field at different chiral dopant concentrations. (b)
Threshold electric field with respect to the helical pitch.

Let us consider why the helical pitch dependence of the threshold electric field for the
samples investigated in this chapter is different from that of the usual 'deformation-free'
polymer/ChLC nanocomposites. The difference in the helical pitch dependence of the electro-
optic response is most likely attributed to the difference in the driving mechanism. From the
results presented in chapter 3, the helical pitch dependence in polymer/ChLC nanocomposites
having ultra-small LC domains is thought to be a consequence of the nano-confined LC
molecules undergoing a Fredericks-type reorientation instead of a helix deformation. However,
the LC domains in the composites studied in this chapter are relatively larger than those of the
usual ‘deformation-free’ polymer/ChLC nanocomposites. It is impossible for the polymer/ChLC
composites to show an undulation of the helical axis under an electric field when the domain
size is less than half of the helical pitch. On the other hand, the probability of appearance of the
helix deformation in each of the LC domains increases as the domain size increases. The ratio
of domain size to pitch length, D/ p, is inversely proportional to the helical pitch, since the
average domain size being determined by the fabrication conditions of all the samples is
approximately the same. Therefore, D/ p is an important parameter for determining the
driving mechanism.

Although we have discussed the results using the average domain size of the LC domains,
in reality, the domain sizes are statistically distributed. For the short pitch samples with helical
pitches shorter than 320 nm (or those with chiral dopant concentration of more than 9 wt%),
there exist some of the domains whose size is larger than the helical pitch. The unpolymerized
LC molecules in the larger domains follow the dynamics of the helix deformation, whereas
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those in the other smaller domains follow the dynamics of the Fredericks-type reorientation.
Therefore, the electro-optic response would be affected by both the helix deformation and the
Fredericks-type reorientation. The number of LC domains showing the helix deformation
increases as the helical pitch decreases. On the other hand, when the helical pitch is longer than
400 nm, or the chiral dopant concentration is less than 8 wt%, most of the LC domains are
smaller than the helical pitch. The Fredericks-type reorientation tends to occur within most LC
domains. Therefore, the electro-optic response would be affected by only the Fredericks-type
reorientation. It can be thought that the samples with two different dynamics do not follow the
conventional helical pitch dependence of the threshold electric field, since the level of the
threshold electric field required by the Fredericks-type reorientation is different from the
Helfrich threshold. In the case of a short helical pitch, the increase in threshold affected by the
Fredericks-type reorientation is compensated by the decrease in the threshold due to the change
in the driving mechanism of the unpolymerized LC molecules.

Figure 4.7 shows the reflection spectra before and after the application of an electric field in
the polymerized polymer/ChLC composites with different chiral dopant concentrations. When
the electric field was removed, the spectrum of the SR band in the low chiral dopant
concentration samples returned to the original state. However, a different phenomenon, in
which the spectrum of the SR band is different before and after an electric field is applied, was
observed in the high chiral dopant concentration samples. As the chiral dopant concentration
increases, or the helical pitch shortens, a larger difference is observed in the SR band before
and after applying an electric field. The results are also thought to be a consequence of the
variation in the ratio of domain size to pitch length. It is thought that reversibility of the SR
band in the long pitch samples, similar to the phenomenon observed in the usual 'deformation-
free' response mode, is due to the Fredericks-type reorientation of the LC molecules confined
in the LC domains. On the other hand, the irreversibility of the SR band in the short pitch
samples before and after applying an electric field, which is observed in bulk ChLC, is thought
to be somewhat influenced by the Helfrich deformation. The difference in the electro-optic
response mechanism between the long pitch and short pitch samples is also supported by the
reflection spectra before and after applying an electric field.
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Figure 4.7 Reflection spectra before and after applying an electric field in the
polymerized polymer/ChLC nanocomposites with different chiral dopant
concentrations: (a) @ira = 6 Wt%0, (D) @enira = 7 Wt%0, (C) @eniral = 8 Wt%0,
(d) ¢chiral =9 wt%, (E‘) ¢chiral =10 wt%o.

4.4.2 Response time

In this section, we will discuss how fast the response time of the polymer/ChLC
nanocomposites having large size LC domains is as compared with that of the 'polymer-
stabilized' ChLCs. Figure 4.8 shows the electric field dependence of the rise and decay times
of the polymer/ChLC nanocomposite with the 8 wt% chiral dopant concentration sample after
polymerization. The response characteristics were measured by monitoring the reflected light
intensity from the samples, while applying a pulse electric field with a width of 0.5 ms to the
cell. The change in the reflected light intensity is caused by the SR band shift. The response
times were estimated from the time difference when the reflected light intensity changes
between 10% and 90% of its maximum value. The rise time was on the order of several tens of
microseconds and decreased with an increase in the electric field. This is thought to be due to
the increased electric field-induced torque on the LC molecule with increasing electric field.
On the other hand, the decay times showed little dependence on the applied electric field. All

samples with different chiral dopant concentrations had the same order of decay time (less than
500 ps).
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The decay time of a few hundred microseconds is fast enough compared to that of the few
tens of milliseconds in the usual ‘polymer-stabilized' polymer/ChLC composites [23]. Therefore,
these samples are competitive for photonic applications, although the decay time of a few
hundred microseconds is not as fast as that of the polymer/ChLC nanocomposites having ultra-
small LC domains.
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Figure 4.8 Electric field dependence of the rise and decay times of the
polymer/ChLC nanocomposite with 8 wt% chiral dopant concentration
after polymerization.

4.5 Textures of polymer/ChLC nanocomposites

The reflection images also suggest that the electro-optic response mechanism of the high
chiral dopant concentration samples is different from that of the low chiral dopant concentration
samples. Figure 4.9 shows the reflective textures of the photopolymerized polymer/ChLC
nanocomposite samples under an electric field of 26.67 V/um. The polymer/ChLC
nanocomposite samples with a chiral dopant concentration of 6 wt% showed a planar
cholesteric texture upon the application of a high electric field of 26.67 V/um, i.e., the
macroscopic helical structure was maintained. On the other hand, the polymer/ChLC
nanocomposite samples with a chiral dopant concentration of 10 wt% showed a distorted planar
texture, similar to the low monomer concentration polymer/ChLC composites polymerized at
+20 °C presented in chapter 3. The two-dimensional pattern of the high chiral dopant
concentration sample also showed simultaneous appearance and disappearance when the
electric field was applied and removed. This is explained by the tilting of the cholesteric helix.
The extent of change in the texture from planar was larger as the chiral dopant concentration
was increased. Therefore, the relaxation dynamics in the high chiral dopant concentration
samples is thought to be affected by the Helfrich deformation to a certain degree. The influence
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of the Helfrich deformation on the electro-optic response mechanism increases as the chiral
dopant concentration increases, or the helical pitch shortens.

(a) (b)
(c) (d)

()

Figure 4.9 Reflection micrographs of the polymer/ChLC nanocomposites at 26.67
V/um with different chiral dopant concentrations. The inset pictures
show images magnified by a factor of 10: (a) gnira = 6 Wt%, (b) denira = 7
Wt%0, (C) eniral = 8 Wt%0, (d) dnirar = 9 Wt%, (€) dnirar = 10 Wt%.

4.6 Summary

In this chapter, the electro-optic properties of polymer/ChLC nanocomposites with pitch
lengths varying between 273 nm and 458 nm were investigated by spectroscopy and SEM
observations. Although the domain size is large, tuning of the long band-edge wavelength only
is achieved by using high-monomer-concentration polymer/ChLC precursors with a decay time
of less than 500 us. The threshold electric field of the polymer/ChLC nanocomposites had no

-70 -



dependence on the helical pitch, in contrast to conventional ChLCs that have a threshold
inversely proportional to the helical pitch. The reason why thresholds have no dependence on
the helical pitch is probably because the dynamics of the LC molecules in each of the domains
are not the same. The dynamics of the LC molecules are determined by the ratio of domain size
to pitch length. The percentage of LC domains that show helix deformation in the
polymer/ChLC composite increases as the ratio of domain size to pitch length increases.
Therefore, for the short pitch samples, the increase in thresholds caused by the Fredericks-type
reorientation and the decrease in thresholds due to the change in the driving mechanism in some
of the LC domains would appear to cancel out each other. From these results, it is possible to
control the effective refractive index with a relatively low threshold electric field of less than 6
V/um as compared to the usual 'deformation-free' polymer/ChLC nanocomposites and a fast
decay time of less than 500 ps.
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Chapter 5 Conclusions

In this dissertation, various experiments were conducted with the aim of achieving a decrease
in the driving voltage and an understanding of the driving mechanism of polymer/ChLC
nanocomposites. We summarize the important contents from each chapter as follows.

In chapter 2, a low-temperature polymerization method was investigated to reduce the
driving voltage of polymer/ChLC nanocomposites. We showed that by lowering the
polymerization temperature, the electro-optic switching mode of the low-monomer-
concentration polymer/ChLC nanocomposite could be changed from ‘polymer-stabilized' to
‘deformation-free’, maintaining a fast response time of ~20 us. Ultra-fast response time was
achieved by the formation of nano-sized LC domains in the low-monomer-concentration
polymer/ChLC nanocomposite. Smaller LC domains can be achieved by controlling the degree
of phase separation through control of the polymerization temperature, since phase separation
between the polymer and the non-photopolymerizable LC molecules during the polymerization
process is the origin of formation of the LC domains. The formation of smaller domain sizes is
caused by the increased viscosity at lower temperatures. 'Deformation-free' electro-optic
response is achieved by decreasing the domain size to the order of a few tens of nanometers.
The reduction in driving voltage, with a fast response of the low-monomer-concentration
polymer/ChLC nanocomposites, is achieved by the low-temperature polymerization process.
The increased number of unpolymerized mobile LC molecules contributes to the reduced
driving voltage.

In chapters 3 and 4, the helical pitch dependences of the electro-optic characteristics in
polymer/ChLC composites were investigated to understand the driving mechanisms of the
polymer/ChLC composites. Various conditions for the polymer/ChLC composites, such as low
monomer concentration with low temperature polymerization, low monomer concentration
with room temperature polymerization, and high monomer concentration without a
photoinitiator were investigated. In the case of low-monomer-concentration polymer/ChLC
composites, the threshold electric field increases as the helical pitch decreases, regardless of the
polymerization temperature. However, different dependencies of the threshold electric field on
the helical pitch are observed depending on the electro-optic response modes. The ‘polymer-
stabilized' response mode is attributed to the Helfrich deformation, whereas the 'deformation-
free' response mode is attributed to the Fredericks-type reorientation. However, the samples
with high monomer concentration, without a photoinitiator, having pitch-length scale LC
domains showed a completely different behavior. The larger size of the LC domains is
attributed to the reduced polymerization rate caused by the absence of the photoinitiator in the
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high-monomer-concentration polymer/ChLC composite. In contrast to the other cases, the
threshold electric field showed little dependence on the helical pitch, probably due to the
variation in the ratio of domain size to pitch length. Since the size of each LC domain in the
same sample is statistically distributed, the size of some of the LC domains in the short pitch
polymer/ChLC nanocomposites is larger than the helical pitch. The unpolymerized LC
molecules in the larger domains undergo helix deformation rather than Fredericks-type
reorientation. The resultant electro-optic responses in each sample would be affected by both
Fredericks-type reorientation and helix deformation. The amount of domains showing the helix
deformation increases as the ratio of domain size to pitch length increases. Therefore, the
increase in the threshold due to the increased twist in the Fredericks-type reorientation is offset
by the decrease in the threshold caused by the change in the driving mechanism, from the
Fredericks-type reorientation to the helix deformation, in some large LC domains.
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