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Abstract

Tuchband, Michael R. (Ph.D., Physics)
Revealing the nanoscale structure and behavior of the twist-bend nematic liquid crystal phase

Thesis directed by Professor Noel A. Clark

The nematic phases of liquid crystals have been the most thoroughly investigated since the
founding of the liquid crystal field in the early 1900’s. The resulting technologies, most notably
the liquid crystal display, have spawned an entire industry and changed our world. Consequently,
the recent identification of a new type of nematic — the twist-bend nematic — was met with as much
surprise as excitement, as it melds the fluid properties and environmental responsiveness of
conventional nematics with the spontaneously broken symmetries and complex ordering of bent-
core liquid crystals. I summarize the history of the twist-bend nematic phase, charting the
development of our understanding from its first identification to the present day. Furthermore, I
enumerate and highlight my own efforts in the field to characterize the behavior and nanoscale

organization of this fascinating phase.
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1. INTRODUCTION

This thesis encompasses my body of work on the twist-bend liquid crystal phase, perhaps
the most novel and exciting new discovery in the field since the advent of the bent-core liquid
crystals in the 1990’s. To understand why the twist-bend phase is so exciting, one must first
understand its context in the broader field of liquid crystals through some of their unique phase
assemblies.

Liquid crystals (LCs) are soft condensed materials which form thermodynamic phases with
degrees of ordering and organization between those of an isotropic liquid and a crystalline solid.
Their susceptibility to external factors like temperature, pressure, electric and magnetic fields, and
surfaces makes them “soft”, while their high density of interacting objects makes them a
“condensed material”. Liquid crystals are constituted of anisotropic objects, whose reduced
symmetry promotes unique self-organization. In my work, the LCs are made up of small organic
molecules, with the most common molecular geometries being cylindrical, disc, and bent rods.
While their shape anisotropy promotes self-assembly at moderate temperatures (200 — 15°C), their
flexible chemical groups tend to suppress the formation of a solid crystal. LCs can be made up of
a broad range of materials in addition to small organic molecules, such as polymers [1,2], DNA [3—
5], nanoparticles [6—8], colloids [9,10], or any other material with shape anisotropy or anisotropic
interactions. Here, I will only consider LC materials that are made up of small organic molecules
without an accompanying solvent (“thermotropic” LCs). LCs may in principle have any
combination of orientational and positional ordering of the molecules between those of an isotropic
liquid and a crystalline solid. In the following sections, I will describe the kinds of LC phases and

ordering which are most relevant to my research.



1.1. NEMATIC LIQUID CRYSTALS

LCs that form the nematic phase (“nematic LCs”, or “nematics”) are the workhorse of the
LC and soft matter communities. The nematics are a class of phases in which the constituent
molecules have only short-ranged positional ordering in 3D space but have long-ranged
orientational ordering of the molecules along a given direction. The local direction of ordering is
called the “director”, while the entire sample can be described by a “director field”. The nematics
make up the overwhelming majority of technological applications of LCs, as they tend to be the
most fluid and robust of the LC phases. The industrial applications of nematic LCs have primarily
been focused around the display industry, though today nematics are finding many new uses in
such applications as nano-templating [11], artificial muscles [12], and LC elastomer
actuators [6,13]. The nematic phases are classified according to the nature of their orientational
ordering; though all have long-range orientational organization, their ordering may be uniform

along a single direction, helical, or even more complex.



1.1.1. The nematic phase

The conventional nematic phase (most commonly referred to as the “nematic phase”™),
consists of a fluid of anisotropic molecules which have an uniform average orientation along a
single direction, but with the molecules having only short-ranged order in three dimensions, as in
a conventional isotropic liquid (Figure 1.1.1) [14—17]. Nematics can be formed through excluded
volume interactions by any cylindrically-symmetric object whose aspect ratio (length/width) and
volume fraction exceed a certain amount, as given by the Onsager criterion [ 18]. Nematic LCs are
most commonly composed of “rod-shaped” molecules that exhibit an effective cylindrical
symmetry when the fast molecular rotations about their long axis are averaged (Figure 1.1.1).

What makes nematics so advantageous for display applications is their birefringence.
Birefringence is the phenomenon where the speed at which light travels through a material and the
phase it picks up are dependent on the direction of the polarization of the incident light. By
measuring the difference in phase between two orthogonally polarized rays of light, we measure
the birefringence. The conventional nematic phase is uniaxial — there is one direction of light
propagation through the sample in which there is no differential retardation of the two orthogonal
polarizations of light; along this axis, there will be no measurable birefringence. Birefringence in
a nematic LC sample originates from its degree of orientational order.

Their lack of long-ranged spatial correlation lends nematics their fluidity, with viscosities
on the order of 0.1 Pa-s [14], comparable to that of olive oil. The orientational fluctuations in
nematics cause them to scatter light, giving them a characteristic milky white color. In a polarized
light microscope (PLM) (section 2.1), the long-ranged molecular ordering and defect structure in

the nematic sample manifest as the characteristic “Schlieren” texture: dark threads and Maltese



crosses which are line and point defects, respectively. A beneficial feature of nematics is that they
can be easily biased to align along a given direction via a significant number of methods, the most
commonly employed of which are: application of electric and magnetic fields, mechanical
shearing, unidirectional flow, and by surface alignment — confinement by boundaries which have
a local preference for a particular orientation. In an LC research laboratory, as well as in the display
industry, surface alignment of a nematic is accomplished by confining the LC between two
substrates, with the inner surfaces treated with a thin film which is generally mechanically rubbed
in a particular direction to yield a directional preference of alignment along the rubbing direction,
or “unidirectional planar” anchoring. Alignment of the nematic (or any LC phase) normal to the
plane of the cell is called “homeotropic” anchoring.

As the conventional nematic phase has the most symmetric organization of the nematics,
it is also the most well understood. The combination of macroscopic molecular orientation,
fluidity, and susceptibility to external fields and stimuli make the uniaxial nematic the most widely
utilized LC phase. Not only is it used in the LCD industry, but a new crop of researchers are using
nematics for their own research and in novel applications, for instance as templating media for
aligning fibrous or polymeric materials [11] and nanoparticles [19], magnetic field-controlled
ferromagnetic nanoparticles [20], thermal- [21] and light-activated [22,23] LC elastomers, along
with biological [24] and gas [25] sensors, to reference just a few. The uses for the LC nematic
phase are myriad and widespread, and in the future, they will likely continue to be the most fruitful

of the LC phases.
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Figure 1.1.1: Introduction to liquid crystals and the nematic LC phase.

Liquid crystals are generally composed of small organic molecules with particular geometric shapes. The
5CB molecule is, on average, shaped like a long rod or an ellipsoid. LCs form an isotropic liquid phase, in
which molecules have short-ranged positional order in the three spatial dimensions and are orientationally
disordered, and a crystalline solid, in which the molecules are spatially and orientationally ordered in three
dimensions. In addition, LC molecules have condensed phases of matter that are informed by their
particular geometric symmetries. In the nematic phase, the molecules have short-ranged positional ordering
in the three spatial dimensions, but they are orientationally ordered on average along a single given
direction, called the director n. The director is a double-headed vector because molecules have an equal
probability of orienting a particular end upward or downward — i.e., the nematic has head-tail symmetry
along the director.



1.1.2. The cholesteric phase

When an LC material is chiral, it has a significant impact on the physical properties of its
resulting LC phases. Chirality is the property that an object, molecule, or sample is not
superimposable on its mirror image by a simple combination of translation and rotation [26].
Chirality can manifest in all kinds of physical systems at virtually all length-scales, from
elementary particles whose quantum spin vectors are either parallel or antiparallel with their
velocity vectors, molecules which lack mirror symmetry, all the way to astronomical phenomena
like the spiraling of galaxies.

One might initially expect that nature would generally not distinguish between left- and
right-handed objects. After all, why should it matter that a snail shell grows with a left-handed
winding over a right-handed winding? Or that viney plants wind up a tree branch in a left-handed
or a right-handed helical way? In fact, most natural systems do exhibit a differential treatment of
left- and right-handedness: distinct species of snails wind their shells with one handedness over
the other, and viney plants have either a left- or right-handed preference for how they wind around
an object. Although there is debate as to why nature favors a given chirality over another in a
particular situation, we know that it does. Our bodies’ differential interaction with medicines of
left- and right-handed chirality provides the impetus for the pharmaceutical industry to invest
enormous amounts of resources into developing effective means for the chiral synthesis of
chemicals and drugs [27].

When a molecule contains a single chemical group that causes its structure to not be
superimposable on its mirror image, that molecule is chiral, with either a left- or right-handedness.

These molecules have their chirality ‘built-in’ to their chemical structure. If a chiral molecule



forms LC phases, the chirality generally transfers to the structure of the resulting LC phases. For
example, when a chemist takes an LC molecule which forms the nematic phase and adds a
chemical group to the molecule that makes it chiral, it can cause the material to form a chiral
nematic phase [26,28]. One can also create a chiral nematic by adding a small amount of a chiral
material to an achiral (not chiral) nematic LC. The simplest chiral version of the nematic phase is
called the “cholesteric” phase, so named because it was first observed in cholesteryl benzoate
derived from carrots [29,30].

The cholesteric phase consists of molecules ordered locally as in the conventional (achiral)
nematic phase, but with a continuous twist perpendicular to the local director (Figure 1.1.2). This
helical twist gives rise to a structural chirality in the cholesteric phase, manifesting as a helical
periodic structure with a pitch on the order of hundreds to many thousands of nanometers. The
cholesteric helical superstructure contributes to its particular optical properties — like optical
rotation and selective reflection — in which the phase treats left- and right-handed circularly
polarized light in disparate ways [15].

The cholesteric phase has historically also been referred to as the “chiral nematic” phase
in the literature. However, the existence of several distinct nematic phases (the cholesteric phase,
the nematic blue phases, and the twist-bend nematic phase), in which chirality is essential to the
structure of the phase, makes this denomination potentially confusing. We therefore refer to the

specific form of ordering described in Figure 1.1.2 specifically as the “cholesteric” phase.



Figure 1.1.2: Schematic of the cholesteric phase.

The cholesteric phase is a simple chiral variant of the
conventional nematic phase, in which the molecules are
locally oriented along the director n, but the molecules
smoothly twist perpendicular to the nematic director
(along 2). This schematic is depicted with different circular
planes which rotate by a large amount with respect to the
next plane, but in reality, molecules smoothly and
continuously rotate in orientation along Z.



1.1.3. Other nematic phases

There are three other distinct kinds of nematic LC phases: the nematic blue phases, the
biaxial nematic, and the twist-bend nematic phase.

The nematic blue phases [26,31-36] are nematics in which a strong preference for chirality
leads to director twist, as in the cholesteric phase. However, in the nematic blue phases the
molecules twist in two orthogonal directions, forming “double-twist cylinders” which pack into
one of a number of possible 3D cubic lattices at the energetic expense of an accompanying lattice
of disclinations, or line defects [33]. These phases were dubbed “blue phases” because, on initial
investigation, they appeared blue both inside and outside of the polarized light microscope [37].
The color of the blue phase arises from the selective reflection of light from the 3D lattice of
double-twist cylinders, and it is not necessarily blue. The selective reflection and subsequently
observed colors are dependent on the particular lattice, lattice spacing, and the orientation of the
lattice with respect to the incident light. Therefore, the blue phases can exhibit any colors in the
visible and surrounding parts of the electromagnetic spectrum. Though the blue phase may have
been the first LC phase observed [29,30] (along with the cholesteric phase), the nature of the
various flavors of the blue phase was not well understood until the 1980s and 90s because the its
temperature range tends to be <1°C, making detailed study practically difficult. Eventually,
polarized light microscopy studies of blue phases and their crystallites [38], optical Bragg
scattering experiments [39—42], and electron microscopy experiments [43,44] help to definitively
determined the nanoscale structure of the nematic blue phases.

A much rarer nematic phase is the biaxial nematic [45,46]. The biaxial nematic is a nematic

in which the molecules order orientationally both along their long axis and along their other two
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lateral axes. One would expect this phase to be observable in the nematic phases of brick-shaped
or bent-shaped LC molecules. Although a number of researchers have reported observations of a
biaxial nematic phase, many others have raised questions about the veracity of these
identifications. The first widely accepted identification of a biaxial nematic occurred in 1980 in
lyotropic LC systems (LCs in a solvent) [47]. Their relative lack of representation in thermotropic
LCs remains a mystery.

The twist-bend (nematic) phase is the most recently discovered nematic phase, having been
definitively identified in 2011 [48]. In this thesis, we will discuss the origins of the twist-bend
phase and the experiments that helped reveal its nanoscale structure. To fully understand the twist-
bend nematic phase and situate it in the broader context of the LC field, we continue our

introductory discussion with the LC smectic phases and the bent-core phases.
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1.2. THE SMECTIC PHASES

Another common kind of LC phases are the smectic phases. The smectic phases have
orientational ordering of the long axis of the molecules, as in the nematic phase, with a lamellar
(positional) ordering in one spatial dimension, while remaining a fluid in the other two dimensions.
For this reason, one can think of the smectic phase as a 1D crystal and as a 2D fluid (Figure 1.2.1).

There are many different kinds of LC smectic phases. The smectic phase in which the
molecules have their director oriented along the direction of layering is called the smectic A phase,
and the phase in which the director tilts away from the direction of layering is called the smectic
C phase (Figure 1.2.1). When the molecules develop extended short-ranged ordering in the plane
of the layers, they are called higher-order smectic phases. Smectics can exhibit a rich variety of
molecular arrangements, including any combination of tilt modulation, short- or long-ranged in-
plane ordering on a 2-dimensional lattice, molecular bilayers, or partial molecular intercalation.

The smectic phases make up some of the most familiar natural materials in our daily lives.
For example, cell membranes are composed of lipids exhibiting a bilayer smectic phase. Nature
has selected the smectic phase as the best candidate for providing an effective boundary for the
cell — it is rigid enough to provide structure, yet fluid enough to enable proteins and enzymes to
embed themselves, allowing for the selective transport of resources and substances in and out of

the cell.



12

VininInninm
WWWINIInInI
Winnnnin,

smectic A smectic C

Figure 1.2.1: Schematic of two smectic phases formed of rod-shaped molecules.

The simple smectic phases are composed of molecules which are oriented, and layered in one dimension,
but fluid in the other two dimensions. The molecules are organized into layers which are approximately
one molecule thick. In the smectic A phase, the director f is along the layer normal direction, while in the
smectic C phase, n is inclined from the layer normal direction by the angle 6.
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1.3. BENT-CORE LIQUID CRYSTALS

In contrast to the simple rod-shaped LC phases discussed above, the twist-bend nematic
phase is composed of bent molecules. The related “bent-core” LCs make up an entire class of LCs
which, due to their reduced symmetry, can exhibit more complex phases than those of their rod-
shaped relatives [49,50]. Bent-core LC molecules can form nematic and smectic phases just as
rod-shaped ones can, but they can also develop additional degrees of ordering along their bend
axis. For instance, bent-core LC materials can form the usual smectic A phase, and then transition
into a ferroelectric smectic A phase, with the bend in the molecule providing an additional axis
about which ordering takes place within the layer (Figure 1.3.1).

Perhaps the most fascinating aspect of bent-core LCs is that they can spontaneously
develop structural chirality, even when the molecules themselves are achiral. This can happen
when bent-core LCs form tilted smectic phases with polar ordering along their bend axis — the
coordinate system defined by the layering normal direction, molecular tilt direction, and polar-
ordering direction (which are generally all orthogonal to each other) is left- or right-handed within
each layer, making the layers chiral. Therefore, the entire sample can be either homochiral (entirely
composed of layers of a single handedness) or racemic (composed of equal amounts of left- and
right-handed layers). In the B2 phase of bent-core LCs, there are four combinations of tilted, polar
phases: they can be either synclinic (their tilt direction points the same way in neighboring layers)
or anticlinic (their tilt direction alternates from layer to layer), and ferroelectric (their polar
direction points the same way in neighboring layers) or antiferroelectric (their polar direction
alternates from layer to layer) (Figure 1.3.1) [51]. Bent-core LCs form a number of even more
exotic phases, including the dark conglomerate sponge phase [52], the helical nanofilament (B4)

phase [53], and the polarization modulated B7 phase [54].
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The twist-bend phase is another such exotic phase exhibiting complex nanoscale
organization driven by spontaneous chiral symmetry breaking. In the following section, I will

describe some of the experimental tools we use to investigate and characterize such complex LC

phases.
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Figure 1.3.1: Introduction to bent-core LCs and selected bent-core LC phases.

Bent-core LCs are composed of small organic molecules with a rigidly fixed bent shape originating from
its chemical structure. These molecules can be approximated as bent objects (bananas, bows, boomerangs,
etc.) with intrinsic polarity along the direction of the bend, b. When these molecules form condensed
phases, they may develop smectic ordering and additional orientational ordering of their bends within the
layer. For example, in the ferroelectric smectic A phase, not only do the molecules form layers, but their
bends also develop long-ranged in-layer ordering along a single direction. In the antiferroelectric smectic
A phase, adjacent layers have their bends in opposite directions. With the introduction of tilt in these phases,
the layer normal direction, the tilt direction, and the polarization direction define three coordinate axes
which may be either left- or right-handed. This induces the spontaneous onset of chirality, even though the
molecules themselves are achiral. Because the layers are chiral, the phase may be composed entirely of
layers of a given handedness (homochiral phases), or phases which are globally racemic (composed of an
equal amount of left- and right-handed layers). These are only a few of the many bent-core LC phases that
have currently been identified.
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2. EXPERIMENTAL METHODS

In this section, I introduce the primary experimental approaches we use to investigate the
twist-bend phase. Each technique probes certain aspects of the orientational and positional
ordering of LC phases, such as macroscopic optical anisotropy, nanoscale structure, and periodic
orientation modulations. When taken together, these complementary techniques provide a window

into the world of the twist-bend phase.

2.1. POLARIZED LIGHT MICROSCOPY

Polarized light microscopy (PLM) permits the identification of LC phases by the
observation of characteristic optical textures and properties exhibited by the organization of the
LC molecules. The PLM consists of a common optical microscope [55,56] with two linear optical
polarizers in the optical path, generally oriented at 90° with respect to each other, with the LC
sample in between them. This configuration makes PLM sensitive to any optical phenomena in
the sample that tend to convert a component of the incident polarization along the direction of the
second polarizer. In LCs, this most commonly includes optical birefringence and optical rotation.
An object with birefringence has indices of refraction which are different for each orthogonal
polarization of incident light, yielding elliptically polarized light in general. The elliptically
polarized light will may have a component of polarization along the direction of the analyzer,
allowing for transmission. This makes the PLM sensitive to average local molecular orientation.
Since different LC phases have distinct local ordering, this can yield characteristic optical features,

or textures, in the PLM which can be used to help identify the phase [15].
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Optical rotation arises in samples with chirality, where a chiral structure has a spatially
varying dielectric tensor which rotates the plane of polarization. Optical rotation from molecular
chirality is generally a very weak effect and difficult to observe in LC cells of typical thickness
(several microns). Molecules arranged in a chiral or helical structure, as in the cholesteric phase
(Figure 1.1.2), produce considerably stronger optical rotation. By uncrossing the second polarizer
with respect to the first in a non-birefringent or optically extinguished domain (the domain being
dark under crossed polarizers), one can observe a differential transmission/reflection in the
intensity or wavelength of light. This is among the most straightforward methods to determine if
an LC sample exhibits structural chirality.

In addition, the nature of the defects in a sample can provide evidence for the possible
symmetries or nanoscale organization of the phase. For instance, because the nematic director has
head-tail symmetry, nematics can exhibit point defects of order n/2 (defects about which molecules
rotate by mn, where n is an integer) and n (defects about which molecules rotate by 2nn), whereas
polar phases, due to their lack of reflection symmetry, can only exhibit point defects of order n.
The presence of focal conic defects in a cell indicates the presence of a 1D structural periodicity
in the phase, as in the smectic phases [57].

In investigating an LC phase under the PLM, one may simply and qualitatively determine
the ‘fluidity’ of a phase by creating a glass sandwich cell with LC sample in between and either
shearing it or pushing on the top to depress the glass and displace material. When one does this,
and the texture continuously deforms, one can be assured that the phase is liquid crystalline. When
the texture does not change, and the cell does not shear under moderate application of force, one
is likely observing a solid crystalline phase. This technique can be critical in determining whether

an unfamiliar phase is liquid crystalline or solid in nature.
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To prepare the LC for microscopic observation, one may fill a commercial cell by heating
it to the melting temperature of the sample and placing a small amount of sample near the inlet,
allowing capillary action to pull the now isotropic sample into the cell. For an initial
characterization of a material, one may make a simple sandwich cell by placing a piece of clean
glass on a hotplate at the melting temperature, followed by the LC, and then a second piece of
clean glass on top. This cell commonly yields mixed anchoring conditions (random planar and
homeotropic), which may be sufficient for characterization of well-known phases (conventional
nematic, cholesteric, or smectic A phases, for instance). It is best to cool the samples slowly from

the isotropic phase to grow large domains with the natural texture of the phase.
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2.2. FREEZE-FRACTURE TRANSMISSION ELECTRON MICROSCOPY

Freeze-fracture transmission electron microscopy (FFTEM) permits the visualization of
the nanoscale morphology of LC phases by vitrifying (freezing in) the order of a phase and
fracturing the sample to reveal the nanostructured surface. FFTEM is an ideal microscopy
technique for investigating LC phases and many other soft materials for two important reasons:
These systems are soft and highly sensitive to the preparation and measurement conditions and
nanoscale probes which can alter their native state, and these soft systems are generally made of
organic materials with low electron densities, yielding very little or no contrast in a direct TEM
measurement. In FFTEM, the exposed nanostructure surface is coated by a thin layer of platinum,
which is electron dense and scatters electrons efficiently, deposited at 45° to providing contrast in
a TEM. Because of the angled deposition, we observe a ‘shadow’ effect, which provides imaging
contrast but does not yield a quantitative measurement of feature height. This is a small sacrifice
for the reliability of the FFTEM method over other nanoscale imaging techniques such as AFM
and cryo-AFM.

FFTEM can be used to determine the spacing of various structural features or periodic
structures. In the bent-core phases, for example, unique structures such as those of helical
nanofilaments (Figure 2.2.1a) [53] and the negative gaussian curvature of the smectic layers in the
dark conglomerate bent-core phase [52] are clearly visible. In these cases, FFTEM provided the
critical evidence for determining the LC structure and ordering.

FFTEM is not a perfect technique, however. FFTEM may fail when the phase of interest
is too fluid for the experimenter to reliably vitrify the nanoscale structure of the phase. This can

occur in the twist-bend nematic phase and may occur in the other nematic phases of some
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particularly fluid LC materials. One may obtain some information from these kinds of samples if
they can identify domains with the characteristics of the particular phase and avoid domains
without those characteristics (a solid crystal phase, for example). This makes measurement more
dubious, and the experimenter may be required to utilize information from other experimental

methods to determine the likelihood that their observations are reliable and represent the desired

sample.

Figure 2.2.1: Examples of systems which benefit from characterization by FFTEM.
(a) The helical nanofilament phase is formed of bent-core molecules in a ferroelectric smectic C phase
which also has short-ranged rectangular positional ordering in the layer. A variety of factors and constraints
cause the blocks of layers to saddle-splay, yielding twisted blocks of smectic layers forming long filaments,
or “helical nanofilaments”. FFTEM was instrumental in definitively determining the structure of this phase.
(b) FFTEM experiment on the twist-bend LC phase exhibits long-ranged structural modulations along a
single direction. A spatial Fourier transform of the image demonstrates a periodicity of 7 and 8 nm in the
two domains visible in this particular image.

The rest of this section is written for the experimentalist who wishes to understand our
FFTEM procedure in detail: We prepare a sample for FFTEM experiments by sandwiching it
between the glass planchettes in its isotropic phase. We then place the cell onto the glass tongue
of the custom-made bronze quenching box and place the box in a hot-stage mounted in a PLM. It
is best to heat the LC to the isotropic phase to reduce the number of undesirable pinned domain
structures and features remaining from the crystal phase. We then approach the desired phase on

cooling and permit it to settle for several minutes at the target temperature. After taking an image
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of the texture as evidence for the phase, we push the cell into the center of the bronze quenching
box to isolate it from the surrounding air. We then remove the entire box from the hot-stage and
quickly position the trap door slit of the box over the liquid propane well and push the sample
further into the bronze quenching box so that the sample falls out of the trap door and into the
liquid propane. We then fill the sample dewar with liquid nitrogen and wait for it to cool and reach
liquid nitrogen temperature.

The sample may now be transferred from the liquid propane well to the cleaning area of

the sample dewar by carefully lifting the sample out of the liquid propane with tweezers and

glass planchettes quench in
liquid propane
_
L fracture!
LC sample /

carbon coating Pt coating

dissolve sample
50

| AAASA A AACREEE

sample

place onto TEM grid

\AAA

observe in TEM

Figure 2.2.2: Schematic of the sample preparation steps in FFTEM.

We sandwich the LC between 2 mm X 3 mm glass slides We rapidly quench the cell to 7 < —180°C by
immersion in liquid propane and transfer it to the freeze-etch machine, where the cell is fractured at 7' < -
140°C under high vacuum. The exposed LC surface is subsequently coated with 2 nm of platinum deposited
at 45°, followed by ~25 nm of carbon deposited at 90°. We then remove the LC material on the replica by
dissolving in an appropriate solvent. We then collect the Pt—C replica onto a copper TEM grid and image
in a TEM, with the platinum providing contrast to the topography of the fracture plane. The surfaces facing
the platinum shadowing direction accumulate more platinum and therefore produce darker shadows in the
TEM images.
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quickly transferring it and propping it up against the raised edge of the cleaning area. You must
then permit the liquid propane around the cell to freeze. The frozen liquid propane helps hold the
glass cell together as you clean the excess propane from the edges of the planchette cell with a
folded filter paper. After cleaning, the cell may slide unimpeded into the cell holder. You may then
take the sample dewar to the freeze-etch machine for metal evaporation.

Once the freeze-etch machine is prepped and ready (detailed procedure for prepping and
use of the machine is at the machine), you use the sample gun to quickly insert the sample in the
vacuum chamber. After the 2nm platinum and 25 nm carbon (for mechanical rigidity) have been
evaporated onto the sample, the entire glass planchette (with the LC sample and the replica) is
removed from the machine and submerged into a solvent which will readily dissolve the LC. This
is usually ethyl acetate, or chloroform if ethyl acetate does not work. This solvent should then be
exchanged with a non-reactive solvent that is soluble with the first, such as ethanol, in order to
prepare for collection with a FORMVAR-supported TEM grid. Any remaining strong solvents
such as chloroform will dissolve the FROMVAR quickly and make the collection of the replicas
extremely difficult. Then, use the FORMVAR-supported TEM grid to collect the replica or pieces
of replica on the surface. Permit the remaining solvent on the grid to dry so that the replica sticks
to the grid. The grid may be used for further collections. These grids may be inserted directly into
a TEM for observation.

It is best to record enough TEM images of the sample that the experimenter can be
confident that they obtained a representative selection of images. In my experience, this typically
amounts to ~30 — 40 images per sample, but less may be satisfactory and more may be necessary
depending on the sample, sample preparation, contamination levels, desired accuracy of the

quantitative information, variety of interesting structures, etc.
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2.3. RESONANT SOFT X-RAY SCATTERING

X-ray diffraction techniques are among the most useful for studying the structure of
materials on the nanoscale. When positional and orientational ordering in a LC sample are
accompanied by electron-density (mass-density) modulation, Bragg scattering becomes a useful
probe of the intrinsic order [58]. In a smectic phase for instance, x-ray diffraction can measure
such features as the layer spacing, the lateral molecular separation, the associated correlation
lengths, and the tilt angle of the molecules. However, there are many ways that molecular
organization can occur in LCs and soft materials without an associated electron density
modulation. For example, the cholesteric phase (section 1.1.2) is periodic in molecular orientation,
but not in electron density. Therefore, conventional x-ray scattering techniques are not sensitive to
this helical structure. Other LCs structures which are orientationally modulated and lack an
associated electron density modulation include the pitch of the chiral smectic C phase, the helical
nanofilament phase [53], the twist-bend phase [59], the twist-grain boundary phase [60,61], and
the anticlinic and smectic clock phases [62].

In these cases, conventional x-ray scattering is not enough to probe the LC structure.
Fortunately, the resonant soft x-ray scattering (RSoXS) beamline (11.0.1.2) at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory is sensitive to these features — the
coupling between linearly polarized x-rays and the electron cloud of the molecule yields significant
scattering contrast for orientational modulations of the molecules near the K-edge resonance of a
particular embedded atom [63]. Hard x-rays (10 keV) can also be used for resonant scattering, but
requires a sample which contains an atom with a K-edge resonance in the hard x-ray regime, like

phosphorus, or sulfur, for instance [62]. Because LC molecules generally do not include these
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heavier atoms in their chemical structure, “hard” resonant x-ray scattering has the significant
drawback that it requires the dedicated effort of a new chemical synthesis to create a ‘doped’
molecular LC which may not even exhibit the desired LC phase. For the additional flexibility and
ease of use, RSoXS is clearly preferable. The RSoXS technique has been used to investigate such
materials as polymer blends [64], block copolymers [65,66], organic bulk heterojunction solar
cells [67] and polymeric transistors [68], as well as such LC systems as the half-pitch of the helical
nanofilament phase [69] and the helix pitch of the twist-bend phase [70].

To prepare samples for RSoXS, we make sandwich cells consisting of two silicon nitride
windows with the sample in between. The silicon nitride windows are 100 nm thick at the
“window” to minimize absorption of the incident x-ray beam. The window is supported by a silicon
substrate “window frame”, for handling. The SiN window is placed on a hotplate which is held
above the isotropic temperature of the material. We then place a minute amount of sample (a few
grains) on or near the window and allow it to melt. We then carefully place another window over
the first, to create the sandwich cell. The LC layer must be thin (<1 pum) in order to minimize
absorption of the soft x-rays by the sample. These cells may then be loaded onto an x-ray sample
stage for RSoXS experiments.

ALS Beamline 11.0.1.2 is optimized for mesoscale studies of soft materials [71]. The beam
energy may be tuned from 160 — 1800 eV, permitting the use of the K-edge of the atoms which
are most commonly found in organic materials and LCs: C, N, O, F, and others. The apparatus
may be used in transmission grazing incidence mode and can perform resonant x-ray diffraction
and/or spectroscopy of a sample. The spot size of the incident beam is 100 um. The experimenter
has full control over the incident polarization. The beamline has a hot-stage which can heat up to

~180°C, and a stage which can provide active cooling as well. The sample and detector positions
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are controlled from a LabVIEW user module, permitting the user to easily search for signals in the
small-angle or wide-angle regimes. We calibrate each combination of motor positions by taking
an image of a calibration sample (typically a block copolymer sample with known reflections in
the ~10 nm range). 2D detector images are saved as FITS files with the beamline parameters
written into the file header as metadata. The data may then be calibrated and processed in the Igor
software package using the Nika x-ray scattering data reduction plug-in [72,73].

We typically attempt to obtain a scattering signal with the beamline energy at or near the
Eres =284 eV, near the carbon K-edge resonance. Once we find a signal, we must confirm that the
signal is indeed resonant in nature. We do this by taking an energy scan about Ees (generally 270
eV < E <290 eV). We run a script with the desired values for the scan in the LabVIEW program
with larger steps in energy farther from the carbon K-edge resonance (~1 eV increments, £ < 280
eV and £ > 287 eV), and smaller steps in energy near the resonance (~0.1 eV, 280 eV < E <287
eV). This ensures we capture the fine structure of the material, and that we can select either the
most intense scattering feature, or the one which corresponds to the desired electron orbital.

We then may scan the temperature as desired. We found that in most cases, the temperature
reading of the thermocouple affixed to the hot-stage (inside the vacuum chamber) did not
correspond exactly to the transition temperatures of the LC material as obtained from separate and
very reliable methods such as differential scanning calorimetry or PLM. This may be for any
number of reasons, including: (1) poor thermal contact between the stage and the sample, (2) poor
conduction of heat through the sample, (3) thermal gradients in the stage from contact of the hot-
stage with the sample holder mounting, (4) temperature scans which do not permit the entire stage
to reach equilibrium, among other possibilities. The phase transition temperatures are now usually

close enough to that expected from other measurements, though sometimes we need to tweak the
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temperature range as obtained from RSoXS to one obtained from a more reliable differential

scanning calorimetry measurement if necessary and possible.
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3. THE TWIST-BEND NEMATIC PHASE

3.1. INITIAL DESCRIPTION OF THE TWIST-BEND PHASE

The nematic phases were the first class of LCs observed [29,30], and have since proven to
be the most applicable and ubiquitous in technology today. For this reason, the identification and
characterization of a novel nematic LC phase such as the twist-bend (TB) nematic phase was a
significant event in the LC community.

Robert Meyer was the first to consider a hypothetical LC nematic ground state with a
defect-free director twist-bend and splay-bend elasticity [74]. In particular, the TB nematic he
described is characterized by molecules twisting about an axis and inclined by an angle with
respect to that axis. He defined the form of the TB director field n, written as n(z) = (sinf(z)cosp(z),
sinf(z)sing(z), cosf(z)), where 6 is the tilt angle and ¢ is the azimuthal angle of helical precession,
given by ¢(z) = qz = (2n/p)z, where p is the pitch of the helix and ¢ the modulus of the
corresponding wavevector. Meyer derived these properties from the Frank elastic free energy of
the conventional nematic but did not consider the it further since it was purely hypothetical at the
time. Meyer’s observation is buried in the pages of an LC summer school mini-course; LC
researchers did not seriously consider these kinds of phases until the early 2000s [59].

In 2001, Ivan Dozov publish a paper in which he considered the possibility of a nematic
ground state in which finite twist-bend and splay-bend coupling would spontaneously arise in a
nematic with a negative bend elasticity [75]. The tendency to have a bend elastic constant which
becomes negative at a certain temperature would originate from the bent shape of the molecule

and cause a spontaneous symmetry breaking of chirality and polarity when the LCs begin to “feel”
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each other’s bends (when the average excluded volume of a molecule is smaller than that formed
by the dimensions of the molecule, like in bent-core LCs). Dozov considered a Frank free energy
with higher order terms in the nematic director deformations to obtain the energetically stable

defect-free twist-bend and splay-bend phases (Figure 3.1.1).

(a) R T (b) n(z)

b(z) z |
/ ...... » b(z)

Figure 3.1.1: Sketch of the theoretical (a) splay-bend and (b) twist-bend nematic phases as
proposed by Dozov in ref. [75].

(a) The splay-bend phase is a nematic that is sinusoidally modulated in the xz plane, with the local
director deviating from the z axis by an angle 6(z). The splay is maximal at 6(z) = Omax, and the bend is
maximal at 6(z) = 0. (b) The twist-bend phase is a nematic with a uniform director twist and bend
throughout, with the molecules precessing about the helix axis with a uniform tilt 6o. Reprinted from
ref. [75].

The splay-bend nematic phase he described has a director in which the local bend oscillates
in a single plane continuously from b to —bnex along the splay-bend direction z (the xz plane in
Figure 3.1.1). This constitutes a modulated nematic phase with no defects and moderate free
energy cost, permitting it to spontaneously form under certain conditions in principle. Note that
this phase has an associated sinusoidal modulation in mass density along the z axis because of the
modulating director bend and splay, giving it the same director field description and order
parameter as a conventional smectic phase [70], making a distinction between the two phases

somewhat uncertain.



28

The twist-bend nematic phase described by Dozov has the local director rotating along the
helix direction z with the molecules inclined from z by an angle 6 (Figure 3.1.1). This yields a
phase with constant bend and twist deformation, generating strictly no mass density modulation.
The twist-bend nematic phase is two-fold degenerate in twist sense, leading to left- and right-
handed possibilities. Dozov estimated that the twist-bend nematic phase should have a pitch of
several hundreds of nanometers, making it accessible to experimental observation with
conventional LC  characterization
techniques such as PLM.

Only a year later, Reiner
Memmer published a Monte Carlo
simulation of a collection of achiral,
bent, hard objects (Figure 3.1.2) [76].
He uncovered a number of LC phases,
including the conventional nematic and
twist-bend nematic phases. The
heliconical nematic he identified had
essentially all of the features of Dozov’s

twist-bend nematic phase, with the

simulated bent objects spontaneously

Figure 3.1.2: Simulation of achiral, rigid, bent objects
(righ?) and their centers of mass (leff), performed by
Memmer in ref. [76].
precessing about a helix axis and tilted The centers of mass are disordered in space, while the rigid,
bent objects appear locally nematic with a collective twist of
with respect to the axis. Though this the objects along the vertical direction. The orientation of the
molecules is indicated by their respective color-coding.
supported Dozov’s twist-bend nematic Memmer associated this simulated phase to the twist-bend
nematic phase of Dozov [75]. Reprinted from ref. [76].

forming chiral domains with objects
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model, it would take ten more years before the TB phase would be identified experimentally in an
LC sample.

The TB phase was first realized in experiment in CB7CB, a cyanobiphenyl twin LC first
extensively studied by Barnes et al. [77], though they believed it was likely a smectic phase at the
time. CB7CB consists of two cyanobiphenyl chemical groups linked together by a 7-carbon alkyl
chain (Figure 3.1.3). The odd-number of alkyl groups in the linker causes the minimum-energy
configuration of CB7CB to be bent. In 2010, Panov et al. investigated CB7CB and several other
materials that exhibited a nematic — nematic transition, with their study inspiring the LC
community to investigate the unknown lower-temperature nematic phase [78]. Shortly thereafter,
Cestari et al. used a considerable number of experimental techniques to characterize this unique
nematic phase [48], feeling confident enough to identify it as the twist-bend nematic phase of
Dozov [75]. Since then, LC groups have primarily been interested in characterizing the detailed

structure of this new phase and synthesizing new compounds that exhibit the phase.

Figure 3.1.3: Chemical structure of the twist-bend nematic LC CB7CB.

A note on terminology: When the anomalous nematic — nematic phase transition was first
reported experimentally by Panov et al. [ 78], they were careful not to assign any specific character
to the unknown nematic phase, referring to it as the “Nx” phase as x-ray diffraction experiments
indicated that the phase remained nematic across the phase transition. Cestari et al. was the first
group to boldly describe the phase as the “twist-bend nematic” phase (with the abbreviation
“N1B”) [48] of Dozov [75], as they believed they had demonstrated this beyond a reasonable doubt.

Although the apparent majority of groups in the LC community found their study convincing and
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began to use Ntg to refer to the phase, a number of more cautious groups continued (and continue)
to use “Nx” [79-83]. Some researchers believe the community should not use the term twist-bend
nematic or “Ntg” to describe the experimentally observe twist-bend nematic phase, as it has a
number of distinctions from the specific conical twist-bend phase described by Dozov [75].
Dozov’s twist-bend nematic phase requires a continuous decrease in the bend elastic energy
through zero, an unlikely propsect [84]. Additionally, he estimated the phase should have a helix
pitch of ~300 nm, whereas we now know it is generally ~10 nm [59,70,85]. Chen ef al. decided to
refer to the phase as the “heliconical twist-bend nematic” phase, or the “heliconical (HN)” phase,
as the term ‘heliconical’ described the symmetry of the nanoscale structure as we knew it from
experiment, and did not necessarily imply that the TB structure was derived from elastic
considerations [59]. Despite the unknown mechanisms of the formation of the twist-bend phase,
the phase has uniform twist and bend, and the heliconical structure is the only defect-free nematic
structure that can fill space with only twist and bend [86]. Therefore, the Boulder group decided
to refer to the experimentally observed phase as the “twist-bend (TB)” phase, distinguishing it
from the nomenclature of the twist-bend nematic (Ntg) phase, which was associated with Dozov’s
theoretical work [75], and permitting one to refer to the phase based on solely the experimental
properties that have been determined so far.

Therefore, in the following text, I use the terminology “twist-bend (TB) phase” to refer to
the lower temperature LC phase of CB7CB and all other phases of the same nature, some of which
may have been denominated as “Nx” or “Ntg” phase in the literature. Because of the newness of
the phase, the community is still solidifying its terminology of the phase, and it may yet still

change.
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3.2. CHARACTERIZATION OF THE TB PHASE

3.2.1. Polarized light microscopy textures

Under polarized light microscopy (PLM), the TB phase appears very much like a peculiar
smectic phase, which surely had a hand in obfuscating its unique nature until recently. Barnes et
al. originally synthesized and studied CB7CB in the context of the odd-even effect [77]. They
performed a basic characterization of the phases of CB7CB and noted a conventional nematic
phase that transitions on cooling into an unknown smectic phase, identifying the final phase on the
basis on its “focal conic-like texture and weak transition from the nematic phase”. Unfortunately,
they did not have the opportunity to perform an investigation of their smectic-like phase with x-
ray diffraction at the time. Only in 2010 did Panov et al. again study this material and complete a
more thorough characterization [78]. When they carried out PLM on cells, they noted a number of
textural changes across the phase transition from the N — “Ny” phase, including a coarsening of
the typical nematic Schlieren textures, a freezing out of the nematic thermal fluctuations, and the
onset of a unique “stripe” texture in aligned cells with a period of twice the cell gap. In a
unidirectionally rubbed LC cell, the texture became very different from a smectic (Figure 3.2.1),
bringing Panov et al. to further investigate it as a novel LC phase.

Since then, some groups have attempted to study the TB textures and investigate their
microscopic origin, but few have made concrete advances in understanding them. The most notable
study in this vein is that of Challa et al. [87], in which they apply strong magnetic fields to the TB
phase to align it. On application of a strong field, they found that the striped texture of the TB
phase changed into a texture of uniform birefringence, as in a well-aligned nematic phase. When

they removed the field, the texture remained. This implies that the striped texture is not an inherent
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texture of the phase. They postulated that a mechanical stress induced by a temperature-dependent
pitch causes a Helfrich-Hurault buckling instability [88,89], leading to the stripes. This provided
an inkling that the TB pitch may vary significantly with temperature, inducing the striped texture

which has so vexed LC scientists, even until today.

Figure 3.2.1: Characteristic textures of the TB
phase.

(a) The “blocky” texture in a cell with nearly
unidirectional planar anchoring. This texture is
typically the first one observed on cooling from the
nematic phase to the TB phase and may easily be
confused with the “fan-like” texture of a SmA
phase. This texture can generally be observed
under all planar alignment conditions. (b) The
“striped”, “rope-like”, or “herringbone” texture in
a cell with weak unidirectional planar anchoring.
These textures form on further cooling the TB
phase from the blocky texture shown in (a). The
blocks dissolve into elongated stripe or rope
shapes, and the space between is filled with many
small focal conic defects. (¢) The “striped”, “rope-
like”, or “herringbone” texture formed in a cell
with unidirectional planar rubbing in the horizontal
direction enforcing uniform alignment at the
boundaries. This texture is perhaps the most
characteristic of the TB textures. The stripes orient
along the rubbing direction, and they exhibit fine
periodic features along the stripes, which is the
origin of their designation as “rope-like” or
“herringbone”.
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3.2.2. X-ray diffraction: evidence of nematic order in the TB phase

Panov et al. performed the first x-ray diffraction experiments in the literature on the TB
phase of CB7CB (Figure 3.2.2) [78]. They found that the x-ray scattering arcs exhibited no peak
sharpening associated with lamellar ordering through the conventional nematic (uniaxial nematic,
“Nu”) to TB (“Nx” in Figure 3.2.2) phase transition, controverting the possibility that the Nx phase
was a smectic phase, and establishing its nematic nature. They did observe an azimuthal spreading
of the peaks in the 2D detector image, indicating that the nematic director either disordered or
reorganized such that the molecules tilt away from the original nematic alignment direction. The
characteristic PLM textures and nematic-like x-ray scattering in the unknown nematic phase
together have since became the de facto diagnostic tool to identify the TB phase and is generally
regarded as sufficient evidence to claim the observation of a TB phase in most cases.

For all the dimer LCs that form the TB phase, the x-ray diffraction peak at small angle
indicates that the molecules are generally intercalated over nearly half their molecular length in
both the nematic and TB phases [48,84,90-97]. This fact will be important in constructing a

complete model of the TB phase.
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Figure 3.2.2: Conventional x-ray diffraction experiments on two different TB materials.

(a, ¢) The M1 and M3 materials are well-aligned vertically in their conventional nematic phases (uniaxial
nematic, “Nu” here). They both exhibit diffuse inner and outer arcs which correspond to density
modulations along and transverse to the director, respectively, typical of usual nematic phases. (b, d) In the
TB phase (“Nx” here), the arcs become more distended and circular, indicating that the molecules are
disordering or orienting away from the vertical direction. The peaks do not sharpen significantly through
the phase transition. Reprinted from ref. [78].
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3.2.3. Molecular structure of TB-forming LCs

The LC community today recognizes that the bent shape of the molecule plays a crucial
role in the likelihood of observing the TB phase. This consensus is informed by a number of pieces
of evidence: Dozov’s TB model requires bent molecules to drive a preference for negative bend
elasticity in the nematic phase [75], Memmer observed a TB-like phase in simulations of bent
objects [76], and the vast number of forming LCs which featuring considerable molecular
curvature that form the TB phase (Figure 3.2.3). All TB-forming LCs have substantial molecular
curvature (bend). The vast majority are dimers [78,90,93,97—-116], though there are a growing
number of short oligomers as well [95,108,117—121]. There are only two examples each of rigid
bent-core LCs [91,115] and hydrogen-bonded LCs[103,116] that form the TB phase. The
archetypal TB-forming LC is a dimer composed of rigid rod-like arms which, on their own, tend
to feature nematic phases. These arms are then linked together with an alkyl linker of an odd
number of units to support an average bent shape of the molecule (Figure 3.2.4).

A number of groups have studied the effects of the bend angle on the properties of the TB
phase. Cestari et al. calculated the probability distribution of the angle between the terminal cyano
groups in CB7CB in the nematic phase for two different values of the order parameters, finding
that it peaks around ~115° [48]. Greco et al. used a Maier-Saupe theory for bent objects to study
the behavior of the TB director field as a function of temperature for bend angles 140°, 135°, and
130°[122]. Dawood et al. used the predictions from Greco et al. to guide their synthesis of a

molecule with a rarely observed Iso (isotropic) — TB transition [106]. Mandle ef al. performed a
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Figure 3.2.3: Chemical structures of selected TB-forming materials.
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Molecules which form the TB phase include symmetric dimers (CB7CB [48,78], M3 [78]), asymmetric
dimers (SB 1/5 [93]), short oligomers (CB60BO6CB [120,121], T49 [118]), rigid bent-core molecules

(UD68 [91]), and hydrogen-bonding complexes (CB60OBA [103]).
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detailed study of bent dimers with different linking groups yielding a variety of bend angles and
linker flexibility [107]. They showed that the TB phase could accommodate a range of bend angles,
but that the alkyl linker provides the most thermodynamic stability for the phase. Archbold et al.
followed up this study by calculating the conformational distributions for a number of the materials
they had reported [112]. They found that the thermodynamic stability of the TB phase comes not
only from the average bend angle of the molecule but depends on the distribution of conformers
of a TB-forming LC and the flexibility of the spacer. The relationship between the molecular bend
and the properties and stability of the TB phase is still not clear. The LC community has yet to
settle on the underlying rules of molecular design for TB materials to help guide chemical synthesis
beyond meeting the basic requirement of a molecule with bend. This will continue be a challenge

in the future.

| \ bent, flexible

rigid rod-like y A molecular linker

molecular arms? ‘

Figure 3.2.4: Schematic of the archetypal molecular geometry of a TB-forming dimer LC.
TB-forming molecules are most commonly dimers composed of two rigid rod-like units (blue) tethered
together by a flexible chemical linker (green) of an odd number of units, enforcing molecular bend.
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3.2.4. Spontaneous chirality in the TB phase

One of the first inklings of chirality in the TB phase of CB7CB came from Panov et al.,
who proposed that the electric field effects they measured might be caused by a helical structure
uniformly lying in the plane of the cell [123], though they did not attach much weight to this
possibility. In a subsequent paper, observed electric field effects in PLM experiments of CB7CB
in the TB phase which are typical of chiral systems [124], noting the growth of large domains
perpendicular to the rubbing direction in a rubbed cell. These domains were not observably distinct
until an electric field was applied, leading to the alternation of dark and light domains (Figure
3.2.5a,b). In 2013, Meyer et al. did their own PLM investigation which agreed with the work of
Panov et al. [124], though they could even observe brightness alternation in TB domains by simply
uncrossing the polarizers — not requiring the application of an electric field [125]. When they
applied a DC electric field perpendicular to the helix axis, they noted a uniform tilt of the optic
axis of the TB phase, only possible in chiral LC phases. They positively identified the electroclinic
effect in a uniform lying helix structure and estimates the helix pitch of the TB phase to be ~7 nm
at higher temperatures and half that value at lower temperatures. This estimate, as we will see,
yielded the correct length-scale of the TB pitch and its temperature-dependence. They claimed that
the identification of the electroclinic effect in a nematic phase composed of achiral molecules is
diagnostic of the TB phase. Chen et al. observed the same behavior in an achiral rigid bent-core
molecule which forms the TB phase [91] (Figure 3.2.5a,b).

The other experimental method that has been used to demonstrate chirality in the TB phase
is nuclear magnetic resonance (NMR). In 2011, Cestari et al. measured the NMR spectra of a

deuterated CB7CB sample, with the deuterons attached to the 1’ and 7’ carbons in the flexible
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alkyl linker(Figure 3.2.5a,b), along with a number of other samples of CB7CB with deuterated
dopants [48]. The spectra indicated that on cooling from the nematic to the TB phase, the 1’ and
7’ deuterated alkyl groups lose their spectral equivalence, denoting the onset of chirality in the TB
phase. They claim that their experiments are consistent with a phase of a single handedness, or
with both left- and right-handed domains with slow diffusion of molecules between the two
domains. Beguin ef al. performed a more focused NMR experiment on the TB phase using a variety
of deuterated materials (neat, mixtures, and solvents) and came to the same conclusions [126].
Hoffmann et al. used NMR to investigate CBOCB, finding the same loss of equivalence of the
deuterated chemical groups [79]. However, they proposed a different model for how the chirality
manifests in the phase, proposing left- and right-handed domains composed of molecules self-
sorting by their chiral conformations, but without a chiral or helical superstructure. Though
Hoffmann et al. lacked a compelling alternative to the TB model, they highlighted the fact that

there were still gaps in our understanding of the TB phase to this point.
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Figure 3.2.5: Evidence for chirality in the TB phase.

(a,b) PLM textures of UD6S in the blocky texture of the TB phase. The phase is well-aligned along the
rubbing direction R. On application of an electric field into (out) of the page, the domains alternate between
dark (bright) and bright (dark). This indicates that the two types of domains are of opposite handedness and
that the TB phase forms with relatively large conglomerate domains of equal volume in a given cell. (a,b)
reprinted from ref. [91]. (¢) NMR experiments on a deuterated CB7CB molecule with deuterons in the 1’
and 7’ position of the alkyl linker exhibits a peak splitting on transition to the TB phase (T = 103°C),
denoting an inequivalence of the 1’ and 7” deuterons. This can occur if CB7CB exhibits a chiral or helical
conformation, or the 1’ and 7’ deuterons are present in a chiral environment. (c) reprinted from ref. [48].
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3.2.5. Nanoscale orientation modulation

Researchers initially assumed that the nanoscale structure of the TB phase was smectic
because of the blocky and focal conic textures in the PLM which generally characterize smectic
phases (see section 3.2.1) [77]. The presence of such smectic-like textures, including focal conic
defects, indicates the presence of a well-defined structural periodicity below the wavelength of
light. However, x-ray diffraction experiments provided evidence for the nematic nature of the TB
phase [78]. This was the first inkling for the possibility of a unique nanoscale structure
accompanying the nematic ordering in the TB phase.

As mentioned in section 3.2.4, Meyer et al. used the presence of an electroclinic effect to
estimate the pitch of the TB helix to be ~7 nm based on the electric field switching speed and other
known and estimated quantities characterizing the TB phase [125]. Direct evidence of a nanoscale
structure was observed soon after. In 2013, the Boulder and Kent State University groups
independently published results of FFTEM experiments on the TB phase of CB7CB,
demonstrating a 1-dimensional periodic topographical modulation in the surface of the FFTEM
replica (Figure 3.2.6) [59,85]. A lack of half-order layer reflections in a spatial Fast Fourier
Transform of the images led the Boulder group to conclude that the period of the topographical
modulations was in fact the helix pitch of the TB phase [59]. The smooth, consistent topography
of the modulation indicates that there are no weak interfaces parallel to the layers, pointing to the
homogeneity of the structure making up the modulation. They used geometric arguments about
focal conic domains to determine the TB pitch to be 8.6 nm. The Boulder group then searched for
a signature of the periodicity observed in FFTEM using small angle x-ray scattering from a

synchrotron x-ray light source. They found no scattering signal in a search around the value of the
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FFTEM periodicity and its 2" and 3™ harmonics, leading them to conclude that the FFTEM
modulations come with no associated electron density modulation.

The Kent group obtained results which were in agreement and complementary to the work
done by the Boulder group [85]. They measured a TB pitch of ~8 — 9 nm, though they do not
describe in detail how they obtained this range. Perhaps most significantly, they observed

Bouligand arches in the sample [127] which provide definitive experimental evidence of the

Figure 3.2.6: FFTEM image of CB7CB in the TB phase.

The topography of the fractured surface of the TB phase exhibiting curved sinusoidal modulations,
indicating a fluid, periodic nanostructure in the TB phase. The surface modulation has a period of ~8 nm,
indicating that the TB helix pitch is near 8 nm. The scale bar is 100 nm.
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helical nature of the TB phase. Thus, the community became quite confident in the determination
of the TB phase as a heliconical TB nematic structure with a nanometer scale pitch.

The FFTEM experiments demonstrated the existence of a nanometer scale helical pitch.
But they only measure the fractured surface of the TB material vitrified at a particular temperature.
This indirect method made investigating the thermodynamics of the TB phase quite difficult.
Therefore, the Boulder group and Chenhui Zhu from the Advance Light Source at Lawrence
Berkeley National Laboratory used resonant soft x-ray scattering (RSoXS) to measure the
forbidden Bragg scattering signal directly from the helix pitch of the TB phase of CB7CB [70]
corresponding to the FFTEM modulations observed earlier [59,85]. This particular technique had
been demonstrated for LCs in the helical nanofilament phase only a year earlier [69].

In addition to providing further evidence that the FFTEM feature was one of orientational
molecular organization in the absence of electron density modulation, we became sensitive to the
temperature-dependent variation of the TB helix pitch in-situ [70]. We found that the pitch was 9
— 10 nm at high temperature near the N — TB transition, and this abruptly approached 8 nm on
cooling down to room temperature (Figure 3.2.7). We showed this behavior was reproducible on
heating and cooling in CB7CB. Curiously, at high temperatures near the N — TB phase, we found
many distinct TB domains characterized by different pitch lengths existing at the same
temperature. We attributed this to an asymmetric response of the TB helix to stretching and
compressing, along with boundary pinning effects which tend to constrain the pitch. RSoXS has
since become the preferred method of studying the TB nanoscale pitch, and a number of other
studied have since used resonant x-ray scattering techniques to investigate the TB phase [111,128—

130].



44

q, (A)
0.0 0.02 0.04

-0.02

0.04

0.02

0.0

-0.02

Figure 3.2.7: RSoXS detector images of CB7CB on heating.

The axes are in terms of the g« and ¢y, the components of the scattering wavevector q. The arcs in these
images correspond to the helix pitch p by the equation q = 27/p. (a) At low temperature in the TB phase,
there is a single scattering arc, indicating a collection of randomly oriented TB domains with the same helix
pitch. (b-d) On further heating, the initial scattering arc splits into many arcs, indicating that the TB domains
are exhibiting a variety of well-defined helix pitches. (¢) Near the TB — N transition, the arcs fade away,
indicating melting of most of the TB domains. (f) Above the TB — N transition, there is no resonant
scattering, indicating a lack of orientation modulation in the nematic phase, as expected. Reprinted from
ref. [70].

In the RSoXS experiment lies the most significant outstanding question about the TB
model in my opinion. The researchers involved in RSoXS measurements, including myself, have

searched without success for a scattering signal which corresponds to the half of the TB pitch. This
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signal should be present as we now understand it unless there is a particular and special
cancellation occurring in the structure factor of the phase. The lack of scattering where we would
expect it puts strong constraints on the types of intermolecular organization possible in the TB
phase, and necessitates either a super-structural assembly of the TB helices which necessarily
rigorously cancels the expected scattering (such as half the helices being shifted by p/4 with respect
to the other half [130] in a double or multi-helix structure), or there is some other significant aspect
of the structure which we do not know about. In my opinion, this is the most significant

experimental hurdle in the understanding of the TB phase today.
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3.2.6. The TB cone angle

The nematic and TB phases of typical LCs are uniaxial with positive dielectric anisotropy.
This implies that the cone angle 6 of the TB phase must be below ~45°. Although one study
estimated the value of the TB cone angle [125], it was not studied in detail until 2015. Meyer et
al. developed a simple methodology for estimating the temperature-dependence of the cone
angle [131] in which they first performed a detailed birefringence experiment on the phases of
CB7CB as a function of temperature. Then, they fit the data in the nematic phase to the Haller
formula [132] to determine the unknown parameters in the equation. By assuming that the
birefringence drops solely because of the increasing tilt of the cone angle from zero in the nematic
(i.e., not taking order parameter or other factors into account), they wrote a formula for the cone
angle O(7T) as a function of An(T). Measuring CB7CB using this procedure, they found that § begins

at ~10° and rapidly increases on cooling, until it approaches ~36° at low temperature. This makes
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Figure 3.2.8: Birefringence and estimated cone angle of CB7CB as a function of temperature.

(a) The birefringence behaves as a typical nematic phase (open and closed circles), following the behavior
described by the Haller formula (solid line). On transition to the TB phase near 100°C, the birefringence
drops dramatically, indicating that the molecules are orienting away from the direction of the original
nematic. (b) The estimated cone angle of CB7CB in the TB phase, estimated using a procedure developed
by Meyer et al. Reprinted from ref. [131].
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for a good approximation of the behavior of the TB cone angle. However, we developed a more
complete method which yields the true TB cone angle in principle (Figure 4.2.7) [121].

Around the same time, Jokisaari et al. [133] and Robles-Hernandez et al. [134] determined
the cone angle using NMR and an estimation scheme in a vein similar to that of Meyer et al. [131].
The NMR data depends on the tensorial order parameter and the cone angle as a function of
temperature. Using this, these groups develop a methodology in which they fit the Haller formula
with measurements from the higher temperature nematic phase [132]. Performing this analysis on
deuterated CB7CB and mixtures of deuterated dopants with CB7CB, they found a temperature-
dependent TB cone angle which starts at ~5 — 10° and increases on cooling, to approach ~25° at
low temperature. This measurement roughly aligns with the TB cone angle determined from the

birefringence measurements of Meyer et al. [131].
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3.2.7. Simulations of TB phases

Despite the substantial number of experiments and studies on the TB phase, some details
of the nanoscale structure of the TB phase have not been observed experimentally. From
experiment, we understand the macroscopic symmetries of the phase and the scale of nanoscale
modulation and tilt, but not precisely how the molecules are arranged locally. Presently, the best
way to “look™ at what each molecule is doing is to perform computer simulations.

Memmer published the first simulation of bent objects which exhibit a phase similar to the
TB phase [76] (Figure 3.1.2), and he highlighted the similarities between what he found and the
TB phase of Dozov, [75]. Since then, a number of groups have reported the results of atomistic
simulations [59], bent particles [135], and helical particles [136], all of which exhibit a phase with
the same symmetries and general properties as the TB phase.

Beyond verifying the experimental findings of the TB phase, simulations have the potential
to elucidate the precise superstructural arrangement of the molecules and their intermolecular
interactions, features which are difficult to determine experimentally. In unpublished work by the
Boulder group, Joseph Yelk has been investigating the detailed structure of the TB phase from the
atomistic simulations completed by the Utah simulations group in ref. [59]. By plotting 2D
correlations of various chemical groups in the CB7CB molecule, he has uncovered evidence that
the molecules are triply associating, with the end-to-end associations of vertically displaced
molecules coupling with the central carbon of a laterally neighboring CB7CB molecule with high
probability. This indicates that the CB7CB molecules are forming transient helical chain
structures, held together by the triple associations. From this, he can determine how neighboring

chains associate: randomly, on a lattice, into double or multiple helical chain structures, or in some
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other way. This work will hopefully shed light on the lack of a 2" harmonic in the RSoXS
measurements as well. With these simulations, we will be able to calculate the expected RSoXS
diffraction pattern and investigate the expected RSoXS half-pitch scattering features of the TB

helix.

Figure 3.2.9: Atomistic simulations of CB6CB and CB7CB.

(A,C) CB6CB exhibits only the usual nematic LC phase. (B,D) CB7CB, however, exhibits the heliconical
organization of the TB phase with a pitch of ~8 nm, in agreement with RSoXS and FFTEM measurements.
Reprinted from ref. [59].
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3.2.8. Theoretical descriptions of the TB phase

Since the recognition of the TB phase, theorists have been evaluating aspects of Dozov’s
theory of the TB phase [75], either attempting to improve on it or creating a new theory to explain
the experimental observations that continued to be reported. Though many of Dozov’s predictions
have been borne out by experiment, including an N — TB spontaneous reflection symmetry
breaking phase transition [124,126] and a uniform TB cone angle [131,133,134], other predictions,
such as a negative bend elastic constant in the TB phase [84] and an estimated of ~300 helix
pitch [59,85] have not been observed. Therefore, most scientists in the LC community
acknowledge that Dozov’s work guided the investigation of the TB phase and provides a good 1%
order approximation to the phase, but it is not the final answer to the fundamental nature of the TB
phase.

Shamid et al. were among the first to modify Dozov’s model [137]. They recognized that
in considering the Frank elastic free energy of a system that forms the TB phase, because the TB
phase is inherently polar (the molecular bends helically precess and point uniformly at a given z)
one must consider polarization and bend flexoelectricity contributions to the nematic free energy
equation. By doing this, one can minimize the energy with respect to the polarization and group
the terms which depend on bend elasticity. The new coefficient is a “renormalized” bend elastic
constant, which can become negative at a critical temperature. This can stabilize a nematic phase
with spontaneous bend and twist, permitting the formation of the TB phase.

Greco et al. used a Maier-Saupe molecular field theory treatment generalized to bent
objects. With this, they were able to study the onset of the TB phase and its elastic properties as a

function of the bend angle of the objects [122]. Thus, they calculated the temperature-dependence
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of various order parameters and the TB pitch and cone angle. In addition, they studied the
deformation free energy density as a function of the TB pitch and cone angle, which permits a
detailed comparison with RSoXS. This treatment agreed with evidence in CB7CB, which exhibits
a large distribution of TB pitches at higher temperature and a softness to dilation but stiffness to
compression [70]. At present, this model appears to describe the most experimental features about
the TB phase. However, a similar treatment by Vanakaras et al. comes to somewhat different
conclusions for the nature of the TB phase [82].

A large body of theoretical work has arisen since the identification of the TB phase, all of
which approach the TB phase from different theoretical angles and expound on distinct aspects of
its structure, order, phase transitions, etc. [138—150]. A comprehensive TB theory will be critical

for our understanding of the TB phase and for the future of this phase as a potential technology.
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4. EXPERIMENTAL INVESTIGATIONS OF THE TB PHASE:
NANOSCALE BEHAVIOR, STRUCTURE-PROPERTY
RELATIONSHIPS, AND THE EVOLUTION OF THE TB MODEL

Currently, there are a number of significant gaps in our understanding of the TB phase.
Though we know that the TB phase is a nematic with a heliconical symmetry and nanoscale pitch,
we do not know if there is any further hierarchical organization. Evidence shows that the molecules
couple at their ends to form transient oligomeric helical chains in the TB phase (sections 3.2.7 and
4.2), but these chains may either remain independent of each other or form duplexes or multiplexes
or other structures with other chains in their vicinity.

In addition, we still do not confidently understand why the TB phase forms or why so few
materials have been shown to exhibit the TB phase so far. A considerable number of flexible linear
dimers and oligomers have been studied in the past and bent-core LCs were heavily investigated
for the last 25 years or so. These might appear to be good candidates for the TB phase because of
their intrinsic molecular bend. However, they nearly always form positionally-ordered LC phases,
like smectic and columnar phases. It is possible that suppression of these positionally-ordered
phases in favor of nematic phases would yield considerably more examples molecules with the TB
phase, though this has not been thoroughly investigated. The resolution of this mystery will likely
benefit from theory and the synthesis of additional TB-forming LCs.

The chemistry branch of the LC field is continuing to map the chemical structure phase-
space of the TB phase. We only know of two or three molecular design motifs for the TB phase:
bent oligomers with flexible linkers make up the vast majority of LCs that form the TB phase, with
only two examples each of rigid bent-core molecules and hydrogen-bonded bent LC complexes

(section 3.2.3). An investigation of other design motifs will enable us to observe the scope of
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possible variations in the properties of the TB phase, provide further insight into the nature of the
TB phase, and yield more material candidates for technological applications.

One of the most interesting aspects of LCs is their “structure-property relationships™: this
is the idea that varying aspects of the chemical structure of an LC affects the organization and
properties of the phases it forms. For instance, by changing the structure of a rod-shaped LC to
one without mirror symmetry with the addition of a single chemical group, we can observe
dramatically different LC phases featuring chirality and leading to unique material properties (e.g.
conventional nematic phase — cholesteric phase). The LC community is still investigating the
fundamental structure-property relationships of the TB phase by varying the chemistry of the tails,
rigid arms, and flexible linker. This is one approach LC scientists use to discover, investigate, and
ultimately design LC phases with novel, interesting properties.

In the following sections, I summarize the work of myself and my colleagues and

collaborators in answering some of these remaining questions.

4.1. THE BOULDER MODEL OF THE TB PHASE

Our present understanding of the structure of the TB phase comes from experimental
evidence, including that from the work in the following sections: The TB phase is a nematic, with
only short-ranged positional ordering of the molecules [78] and with long-ranged heliconical
orientational ordering about an axis z [125]. The TB phase has a helical pitch prs generally a few
times the length of the molecule [59,70,85], and they are tilted, with their orientations lying on a
cone with cone angle 6rg [48,131]. The the short-ranged positional modulation along the TB helix

has a characteristic spacing sts [151], indicating intercalation of the molecules over the length of
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one of the monomers making up the molecule (2 monomers in a dimer, 3 in a trimer, etc.), and

with an azimuthal rotation of the molecules Agpts per sts. The TB phase is borne out of spontaneous

chiral and polar symmetry breaking from the nematic phase, leading to large conglomerate

domains of left-

and right-handedness in

a sample generally consisting of achiral

molecules [91,124,125]. The molecules couple and overlap at their ends by ~3 A, forming transient

helical chain structures (section 4.2). These chains fill space, with neighboring chains displaced in

z by s1B (to enforce intercalation) and with the helical phase the same for any given position in z.

See Figure 4.1.1 for the model.

AZ - T g,

StB

AQrg

[

W\

Figure 4.1.1: Boulder model of the TB phase.
We model a dimer with two rigid rod-like units in
blue attached by an alkyl-based spacer in green,
bent in the middle for ease of drawing. The TB
phase is depicted with the director precessing on the
surface of a polygonal prism, with the shape of the
polygon enforcing the azimuthal rotation Agrs. In
this case, we show an octagonal prism enforcing
Agpts = 45°. The polygonal prism is composed of
levels spaced by st and with the monomer units of
the molecules lying along the diagonal of an outer
rectangular face of the prism with cone angle frs.
The ends of the molecules overlap each other at the
corners of the octagon by several Angstroms. This
then forms a transient chain structure with pitch prs
some multiple of st (pr8 = 8sts here, not
necessarily commensurate in real materials). These
chains fill space, with neighboring chains
intercalated and twisting in phase.
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4.2. DISTINCT DIFFERENCES IN THE NANOSCALE BEHAVIORS OF THE TB PHASES OF

DIMER AND TRIMER MEMBERS OF A FAMILY OF FLEXIBLE LINEAR OLIGOMERS

We synthesized the LC dimer and trimer members of a series of flexible linear oligomers
and characterized their microscopic and nanoscopic properties using resonant soft x-ray scattering
(RS0XS) and a number of other experimental techniques. On the microscopic scale, the TB phases
of the dimer and trimer appear essentially identical. However, while the LC dimer exhibits a
temperature-dependent variation of its TB helical pitch, varying from 100 — 170 A on heating, the
trimer exhibits an essentially constant pitch of 66 A, significantly shorter than those reported for
other TB-forming materials. We attribute this to a specific combination of intrinsic conformational
bend of the trimer molecules and a sterically favorable intercalation of the trimers over a
commensurate fraction (two-thirds) of the molecular length. We developed a geometric model of
the TB phase for these materials with the molecules arranging into helical chain structures, and

fully determined their respective geometric parameters [121].

LC compounds with two or more rigid monomer units connected by flexible linkers can
exhibit unique assemblies not encountered in other LCs. LC oligomers bridge the structure-space
between conventional small molecule LCs and polymer LCs. This structural motif has generated
considerable interest in the LC field because their chemical make-up induces odd-even effects and
unique intercalated smectic phases [1,2].

In addition, there have been a number of accounts of short oligomers which form the TB
phase [103,95,152-154,120]. However, only one nanoscale structural investigation has previously

been performed on TB-forming oligomers of three or more monomeric units [59], although in that
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case the compound was not a conventional linear trimer but a bent-core hybrid molecule. A number
of studies have found through conventional x-ray diffraction techniques that trimers and tetramers
tend to be heavily intercalated in the nematic and TB phases [95,153], but to our knowledge, little
other characterization of the nanoscale structure of the TB phase has been carried out on linear,
unbranched LC n-mers with n > 2.

Here, we describe the synthesis of an LC molecular trimer which we designate
CB60OBO6CB. We perform a number of nanoscale characterization techniques, including resonant
soft x-ray scattering (RSoXS), wide-angle x-ray diffraction (WAXS), and freeze-fracture
transmission electron microscopy (FFTEM), and contrast the results to those of the analogous
dimer molecule CB60OCB which also forms the TB phase [109]. While CB60CB exhibits a TB
pitch which varies considerably from ps = 100 — 170 A, we find that CB60BO6CB exhibits a
pitch pwi = 66 — 67 A over the ~20°C range of its TB phase, making it effectively temperature-
independent and the smallest TB-pitch yet reported. Because this molecule is significantly longer
than most other conventional TB-forming LCs, we find such a small pitch extraordinary. We
account for this fact by considering the degree of intercalation possible in CB60OBO6CB, which
permits a sterically favorable interlocking of molecules over ~2/3 of their molecular length,
thereby constraining the flexibility and suppressing fluctuations of the helical structure. Our
characterization further permits us to construct detailed geometric models of the TB phase in each

of these materials and to make predictions about the behaviors of the analogous higher oligomers.

We estimated the end-to-end length of CB6OBO6CB trimer and CB60CB dimer in their
extended all-trans conformations using the Spartan’16 molecular calculation and modeling

software. Dihedrals connecting the rings to the alkyl chains were initially manually set at their
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expected energy minima—values of 0 degrees for CR-CR-O-CT and 90 degrees for CR-CR-CT-
CT (where CR is an aromatic ring carbon atom, O is an oxygen atom and CT the tetrahedral alkyl
chain carbon). The trimer and the dimer were optimized to reach an equilibrium geometry, in
vacuum in the ground state, using the semi-empirical AM1 method as an initial approximation.
Subsequently, we initiated a second fully relaxed geometry optimization using the ab initio
Hartree-Fock method with 6-31G* basis set.

Molecular end-to-end lengths for both the trimer and dimer were then determined by
measuring the distance from one terminal nitrogen atom to the other and adding the length of 2
nitrogen radii. The end-to-end nitrogen-nitrogen distance of the trimer was /,» = 46.0 A, and was
ls = 30.4 A for the dimer, very close to that estimated for the dimer in ref. [109]. We then
determined the end-to-end molecular dihedral angles of the trimer by comparing one nitrogen-
oxygen plane to the other nitrogen-oxygen plane, finding it to be 134.08°. To find the dihedral
angle of the dimer, we compared the nitrogen-oxygen plane to a Cp-nitrogen plane (where Cy is

the benzylic carbon attached to the cyanobiphenyl unit) and determined it to be 0.28°.

CB60OBO6CB (the “trimer”), contains three rod-like monomer units linked by two flexible
spacers (Figure 4.2.1a). The odd number of atoms separating the monomer units ensures oligomer
curvature, while the choice of the methylene link between the spacer and the monomeric
cyanobiphenyl groups ensures a sufficient bend to make it a promising candidate to form the TB
phase, by analogy to CB60CB (the “dimer”) [109].

We characterized the phase behavior of CB60OBO6CB with a combination of polarized

light microscopy (Figure 4.2.1b, c) differential scanning calorimetry (Figure 4.2.1), and a contact
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Figure 4.2.1: Molecular structure of CB60OBO6CB and CB60CB and phase characterization of
CB60BO6CB.

(a) Molecular structure drawings of CB60OBO6CB and CB60CB, which we denote “trimer” and “dimer”,
respectively. Polarized light microscopy image of the trimer in the nematic phase (b) and the TB phase (c).
The table includes measurements of thermal properties of these materials obtained by differential scanning
calorimetry. These measurements demonstrate the existence of a monotropic phase below the uniaxial
nematic phase in the trimer which we find to be the TB phase. The * symbol indicates a monotropic phase
transition.

cell preparation of the trimer with CB7CB [48,59,70,85], a material well known to exhibit the TB
phase. A typical uniaxial nematic texture forms on cooling from the isotropic phase in a
unidirectionally-rubbed planar cell (Figure 4.2.1b). On further cooling, the nematic phase
transitions into another phase which exhibits a blocky optical texture that then develops into well-

defined stripes and focal conic defects (Figure 4.2.1c). These textures persist for ~20°C on further
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cooling until the transition into the crystal phase. This behavior and the observed textures are fully

consistent with the TB phase observed in LC dimers [48,78].
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Figure 4.2.2: RSoXS of CB60CB and CB60BO6CB, and an FFTEM image of CB60OBO6CB.

(a,b) The color plots are composed of line scans in g of azimuthally averaged 2D detector images taken as
a function of temperature. The ¢ and pitch d scales are the same across both plots. (a) CB60OCB exhibits
usual temperature-dependent scattering behavior for conventional TB-forming dimer molecules. In the
nematic phase, we observe no scattering features, as expected. On cooling to 108°C, a peak appears near
pai(T = 108°C) = 170 A, corresponding to the TB helical pitch. On further cooling the helical pitch drops
dramatically, then more slowly approaches pai(T = 60°C) = 100 A before crystallization. The exposure time
was 3 seconds. (b) On cooling CB60OBO6CB from the nematic phase, a scattering feature appears near
130°C corresponding to a helical pitch of p,; = 67 — 66 A, remarkably short compared with that of CB60CB
and other known TB materials. The dashed line denoting the N — TB phase transition temperature was
drawn where the TB phase scattering becomes clearly visible. The plot exhibits a slight discontinuity in the
background scattering 7 = 124°C, which we believe to be due to thermal drift while we performed a
beamline energy scan. The exposure time was 5 seconds. (c) Representative FFTEM image of
CB60OBOG6CB in the TB phase exhibiting sinusoidal topographical modulations at piirrrem = 6.6 nm. In
different regions of the trimer sample, we observe topographical modulations with a variety of periodicities,
but the most frequently observed periodicity in the sample (when weighted by the area of occurrence) is
6.6 nm (see Figure 4.2.3).
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The enthalpy of formation (AH) and the entropy change (AS) associated with the
transitions are in the range of expected values for these types of transitions (Figure 4.2.1). It is
noteworthy, however, that the entropy change associated with the N — TB transition is greater than
would be expected based on the behavior of dimeric materials as well as the temperature width of
the preceding nematic phase [113,152—-154].

We subsequently performed RSoXS [70] on CB60CB and CB60BO6CB on cooling from
the nematic phase. We converted the 2D RSoXS detector images into plots of /(g) vs. g, the
magnitude of the wave vector (, by azimuthally averaging the 2D diffractograms about g = 0. We
then used the Nika x-ray data analysis and processing software to interpolate the 1D plots into a
color map with ¢ and the corresponding wavelength d(g) = 2n/q plotted as a function of
temperature, with the intensity in the 1D plots represented by the color scale in Figure 4.2.2a,b.
On cooling from the nematic, CB60OCB develops a peak at ¢(T = 108°C) = 0.0375 Al
corresponding to the TB helical pitch d(q) = pai(T = 108°C) = 170 A (Figure 4.2.2a). The helical
pitch rapidly decreases, then begins to saturate near pai(7 = 60°C) = 100 A before it crystallizes.

The determination of a TB pitch of ~90 A for CB60CB by FFTEM [109] roughly accords
with our RSoXS measurement, given that FFTEM experiments tend to exhibit the value of the
pitch extrapolated to low temperature in the TB phase [129]. CB60BO6CB, on the other hand,
exhibits a very different TB pitch behavior (Figure 4.2.2b). On cooling from the nematic phase,
we begin to see unambiguous evidence of scattering from the TB helix at ~130°C. At 124°C, we
held the temperature fixed and varied the beamline energy about the carbon K-edge resonance to
check that the scattering feature was indeed resonant, confirming that the structure of this phase is
modulated in molecular orientation and not related to electron density [70]. The scattering signal

peaks at gui(high T) = 0.094 A-!, corresponding to a helical TB pitch of pui(high 7) = 67 A. On
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further cooling, this peak shifts very gradually to g«(low T) =0.096 A!, corresponding to a helical
pitch of pui(low T) = 66 A. The lack of significant temperature dependence of the pitch on cooling
over the ~20°C temperature range is striking, and in stark contrast to other RSoXS measurements
performed on TB dimers and their mixtures [70,111,129,130]. This TB scattering feature fades
away as the sample crystallizes near 110°C. We scanned all accessible RSoXS sample-detector
configurations to check for other possible resonant scattering signals from ¢ = 0.0012 — 0.10 A
(d = ~60 — 5000 A) but found none. The value of the pitch obtained from RSoXS is in good
agreement with our FFTEM measurement of pyirrrem = 66 A (Figure 4.2.2¢, Figure 4.2.3), where
we analyzed a number of images to obtain a statistical distribution of the observed periodicities

throughout the sample, as described in ref. [129].
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Figure 4.2.3: Histogram of the normalized frequency of observations of topographical modulations
in an FFTEM experiment on CB60BO6CB.

The measured periodicity is weighted by the domain area of observation. The histogram exhibits a peak at
pwirrrem = 6.6 nm, demonstrating that this is most likely to be the low-temperature helical pitch exhibited
by the TB phase.

Using WAXS, we investigated the diffuse scattering from the trimer corresponding to
correlations in mass density along and perpendicular to the TB helix axis. In the TB phase, the
scattering feature along the helix axis is present near ¢, = 0.48 A™! (Figure 4.2.4a). This corresponds

to d, = 13 A, or an intercalation of the trimer over nearly 1/3 of the molecular length. This is in

agreement with the significant intercalation reported in previous studies of TB and smectic phases
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of LC linear oligomers [95,153,155]. The g. feature corresponds to an average ~5 A lateral spacing

between molecules of CB60BO6CB.
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Figure 4.2.4: 1D-WAXS scans of CB60BO6CB and birefringence and estimated TB cone angle of
CB60CB and CB60BO6CB.

(a) In the isotropic phase, CB60BO6CB exhibits diffuse features at g, = 0.48 A" and g, = 1.37 A" The ¢,
peak sharpens slightly in the nematic phase, as expected. On further cooling, we capture the TB-Cr
coexistence at 134.7°C, with the g,waxs feature sharpening up from the nematic phase, but not shifting
significantly in ¢g. This feature indicates the presence of a modest density modulation, or pseudo-layering,
along the helical direction, with a period of swi = 13 A. In this experiment, the sample crystallizes very soon
after the formation of the monotropic TB phase, with the TB phase and the crystal phase coexisting in the
lowest temperature scans. In the crystal phase, a sharp scattering peak appears near the g, feature, indicating
lamellar crystalline ordering. (b) We measured the birefringence of the dimer and trimer using a Berek
optical compensator. We then used the procedure developed by Meyer ef al. [125] to estimate the cone
angle Gopiical (¢) from the birefringence. For comparison, we include our TB cone angle measurement of
CB7CB.

We carried out birefringence measurements of the dimer and trimer (shown in Figure
4.2.4b), then used the procedure developed by Meyer ef al. [28] to calculate an optically-derived
cone angle from the birefringence as a function of temperature (Figure 4.2.4c). The behavior of
the optically-derived cone angle in the dimer and trimer is similar to that found for CB7CB. At
high temperature in the TB phase, the dimer exhibits a cone angle of ~7°, while the trimer exhibits
a cone angle of ~10°. The cone angle saturates near 20° and 17° for the dimer and trimer,

respectively, which is somewhat smaller than the value found for CB7CB [129,131].
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The striking differences in the nanoscale behavior of the TB phase in the dimer and trimer
must be due to effects from the different number of rod-shaped monomer units in the molecules.
A number of review studies have discussed the variations in physical and LC properties as a
function of the number of monomer units in small LC oligomers [151,153,156—158], but beyond
the work in the LC community, the literature on the properties of linear oligomer homologues is
sparse. However, we presently have enough experimental detail to construct a model of the TB
organization in each material and to address their differences.

The TB nanostructure is determined by a combination of molecular features, including the
chemical make-up of the molecules and the relative dimensions of the monomer units, and
structural features, including the TB pseudo-layer spacing and helix pitch.

The “pseudo-layer” spacing s in the TB phase is essentially the same feature as that found
in aligned nematics, with scattering arcs in ¢, elucidating the density modulation along the nematic
director Z [58]. We can determine s for the TB phase from the ¢, feature in WAXS experiments
for both the dimer [109] and trimer (Figure 4.2.4a), where s = d(g,) = 2n/q,. We find the pseudo-
layer spacing for the dimer is sai = 11.6 A [109] and for the trimer is s« = 13 A, as denoted in
Figure 4.2.5a,b. That sqi and sui are nearly 1/2 and 1/3 of their respective molecules indicates
uniform intercalation of the molecules over their respective s and implies that the TB pseudo-
layers are spaced by the height of a single (tilted) alkyl-cyanobiphenyl or alkyl-biphenyl monomer
unit making up the dimer or trimer. Interestingly, we find very little or no measurable temperature
dependence of s in the nematic and TB phases of the trimer. Likewise, Paterson et al. observe no
discernible change in the equivalent sqi feature in the dimer through the nematic and TB
phases [109]. For this reason, in the following analysis we consider s to be constant through the

temperature range of the TB phase.
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Figure 4.2.5: Stick representations of the (a) CB60CB dimer, (b) CB60BO6CB trimer, and (c) the
analogous theoretical polymer with corresponding low temperature TB parameters.

The azimuthal precession Ag is set to 180° in each case for clarity. The molecules are uniformly intercalated,
with the TB chains they form distinguishable and color-coded by the position of the chain-end interfaces. (a,
b) The dimer and trimer systems both have end-to-end and arm-to-arm interactions, but only the trimer
exhibits an additional 2/3 “interlocked” association (b) which tends to hinder molecular motion and
flexibility in the TB helix. (c) The analogous polymer system forms an anticlinic (pseudo-)lamellar phase
which is a special case of the TB phase with Ap = 180°. The polymer molecules are constructed by attaching
the ends of many rod-like units that make up the middle-monomer of the trimer (from the central carbon in
one linker to the central carbon in the other). The pseudo-layer spacing Spoly.cst in the analogous polymer is
estimated by tilting the middle, rod-like unit of the trimer (16.6 A) to a 30° angle.

From the values of the pitch p and s, we can determine the azimuthal precession ¢ per s at
low temperature to be Apqi = 360°%sqi/pai = 360°% (11.6A/100A) = 42° and Apui = 360°Xsyi/pui =
360°x(13A/66A) = 71°. For the sake of the geometric modelling that follows, we approximate by
letting Apai — 45° and Apui — 72°. With this, we can construct the TB phase of the dimer as a
series of octagons separated by the pseudo-layer spacing sqi, with the rod-like arms of the dimer
lying along the diagonal of the rectangular faces of the octagonal prism formed by connecting the

corners of the octagonal pseudo-layers with straight vertical lines, enforcing the azimuthal rotation
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of Agdi per sai (Figure 4.2.6a). Similarly, the TB phase of the trimer is modelled as a series of
pentagons separated by s, with the rod-like monomer units lying on the diagonal of the faces of
the pentagonal prism formed, enforcing the azimuthal rotation of Agui per sui (Figure 4.2.6b).

We can obtain the TB cone angle frg from the optical birefringence measurements of the
materials in the nematic and TB phases. On cooling from the nematic phase to the TB phase, we
observe a decrease in birefringence, which is due to a collective tilt Oopiical 0f the molecules from 2
and can be determined by the method of Meyer ef al. [131]. This measured Ooptical 1s not, however,
the TB cone angle 1B, as Oopiical measures the tilt of the molecular p/ane of the molecule away
from 2, and @rp is defined by the angle between the helix axis Z and the local director n. Otg comes
from a combination of the intrinsic bend angle of the molecule and the tilting of the molecules
from 2. We can therefore determine 6rg at low temperature using Goptical and the experimentally
determined geometric constrains enforced by the polygonal constructions of Figure 4.2.6a,b. By
doing this, we find Ordi = 21.2° (Qopticardi = 20°) and OtBui = 27.2° (Oopticalwi = 17°) at low
temperature in the TB phase (see Figure 4.2.7).

By solving our geometric constructions of the TB phase, we may also determine the
effective monomer length mesr in the TB helix (the length of the diagonal of the rectangular face
of the polygonal prisms in Figure 4.2.6a,b). This length may in general be different than the full
length of the rod-like monomer unit mc.c making up the dimer and trimer, if there is overlap or
separation between end groups, for instance. Solving from the geometric constrains in the TB
model of the dimer (Figure 4.2.6a), we find mdierr = 12.4 A. The length of one of the rod-like
monomers making up the dimer, as measured in its extended all-trans conformation from the
central carbon in the linker to the end nitrogen group, is calculated to be mdicac = 15.8 A. Here, we

consider only the extended all-frans conformer of the dimer as an approximation to the
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(b) trimer

p— (a) dimer

16.6A

Figure 4.2.6: Geometric models of the CB60CB dimer and CB60BO6CB trimer in their respective
TB phases.

(a) Geometric construction that governs the structure of the TB phase formed by the dimer at low
temperature. The chains are divided into two subsets, with the ends of the red molecules in the chains meeting
at the corner of a red octagon, and the ends of the purple molecules meeting at the corner of a purple octagon.
The molecular ends in the dimer overlap by 15.8 — 12.4 A =3.4 A, and the rod-like arms are tilted from the
helix axis Z along the diagonal of an outer rectangular face of the octagonal prism by the TB cone angle &rg.qi
=21.2°. (b) A geometric construction governing the structure of the TB phase formed by the trimer at low
temperature. The chains are divided into three subsets with the ends of the blue molecules in the chains
meeting at a blue pentagon, and likewise for the green and yellow chains. The chemical make-up of a rod-
like middle-monomer is depicted in grey overlaying a middle segment of the blue leftmost trimer chain. The
molecular ends of the trimer overlap by 16.0 - 13.9 A =2.1 A (16.0 A being the averaged monomer length),
which is significantly less than that found for the dimer. The rod-like units of the trimer are tilted along the
diagonal of the outer face of the pentagonal prism by the cone angle frg i = 27.2°. The polygonal prisms in
(a) and (b) enforce the respective azimuthal precessions Ap per pseudo-layer s. Once the single chains are
constructed, they may be rotated around the center line of the polygons to change their helical phase. In this
3D packing sketch, the phase is assumed to be the same for all helices, with the differently colored helices
positioned randomly in their packing. We depict a possible 3D packing of the helical chains on a hexagonal
lattice in (a) and (b) (grey planes), though the actual packing motif may be different.

conformational diversity expected in the TB phase, since the condensed and locally orientationally
aligned TB phase tends to favor extended conformations over more kinked conformers. This

indicates an overlapping of the end groups for the dimer of mdicalc — Mdietr = 3.4 A at low
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Figure 4.2.7: Determination of the real TB cone angle from measurements of the optical cone angle,
pitch, and pseudo-layer spacing.

Derivation of the true TB cone angle 6rs from the at low temperature experimentally obtained geometric
parameters: Goptical, S, and Ag (in bold in the schematic). Gopiical measures the tilt of the molecular plane away
from z, whereas Org measures the tilt of the local director (the direction that a single monomer segment of
the molecule points) away from z. These schematics are not to scale.

temperature in the TB phase, or a bit more than the atomic diameter of an end nitrogen. We expect
that on heating, in addition to the cone angle decreasing, the ends of the dimers will tend to pull
apart, leading to the flexibility in the helix structure and the dramatic pitch increase that we observe

at high temperatures in the TB phase (Figure 4.2.2a).
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Using a similar treatment for the trimer as for the dimer, we determine the effective
monomer length in the TB phase of the trimer to be muierr= 13.9 A. Because the end- and middle-
monomer groups of the trimer are not of equal lengths, we can determine the average monomer
length using the Spartan calculation of the extended all-frans conformation of the trimer by
averaging the lengths of the individual monomer segments. We do this because we only observe a
single scattering peak from the pseudo-layer spacing, which implies that the end- and middle-
monomer units that make up the trimer are uniformly distributed in space. Here again, we consider
the extended all-frans conformer of the trimer in our model as an approximation, for the same
reasons that we do for the dimer. The length of an end-monomer is measured from the central
carbon in a carbon linker to its nearest nitrogen atom, and the length of a middle-monomer is
measured from the central carbon of one alkyl linker to the central carbon of the other linker. From
this, we find muicalc = (2x15.7A+16.6A)/3 = 16A. And now, micaic — Muierr = 2.1 A, indicating a
smaller overlap of the molecular ends in the trimer than that found in the dimer. Indeed, the
mismatch in the lengths of the end- and middle-monomers of the trimer will tend to pull the shorter
end-monomers apart by association with the longer middle-monomers (Figure 4.2.5b). From the
above discussion, we can conclude that the molecules in the TB phase of the dimer and the trimer
exhibit mutual end group interactions which leads to an effective heliconical chain-like
arrangement of the molecules, as depicted in Figure 4.2.6a,b.

Now we turn to the possible intermolecular interactions which occur in the TB phases of
the dimer and trimer. In the dimer, there are two kinds of possible associations, given that the
molecules are uniformly intercalated over half their length: (1) the ends of different dimers
associate, and (2) the molecular arms of different dimers associate (Figure 4.2.5a). Both the end-

to-end and the arm-to-arm associations are weak physical connections, as they are only held
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together by some combination of van der Waals and electrostatic forces, thereby contributing to
flexibility, elasticity, and fluctuations in the structure of the TB helix. This is especially evident at
higher temperature in the TB phase, where the pitch varies significantly with temperature in the
dimer as we observe.

The trimer system exhibits an additional molecular association which contributes to a more
rigid TB helix structure, as evidenced in Figure 4.2.2b. The uniformly intercalated trimers form
the TB helix with three distinct molecular associations: (1) the ends of different trimers associate,
(2) the end molecular arms of different trimers associate, and (3) 2/3 of neighboring trimer
molecules will overlap, or “interlock™ together (Figure 4.2.5b). These 2/3 interlocks sterically
hinder the motion of the interlocked molecules and their neighbors. This additional interaction is
a result of more chemically-bonded monomers per unit length in the TB helix of the trimer than
there are in the dimer. For the trimer, at each pseudo-layer interface (any pentagon in Figure 4.2.6b)
there are two-thirds chemically bonded monomers (chemically bonded with an alkyl linker) and
one-third terminally associated monomers (end-to-end physical association), whereas for the
dimer, at each pseudo-layer interface (any octagon in Figure 4.2.6a) there are one-half chemically
bonded monomers and one-half terminally associated monomer units. This effect tends to increase
the rigidity of the TB helix thereby reducing (and essentially eliminating) the temperature-
dependence of the helix pitch in the TB phase of the trimer.

From our experiments, a number of interesting trends in the structure of the TB phase of
this oligomeric family emerge. For instance, the pseudo-layer spacing increases from the dimer to
the trimer (s4i = 11.6 A; sui = 13 A). This trend indicates that s will increase in the higher oligomers,
but is not likely to exceed the theoretical pseudo-layer spacing spoly.est = 14.4 A of the comparable

polymer which is composed of the middle-monomer units of the trimer tilted at a comparable angle
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(30°), as depicted in Figure 4.2.5¢c. This is because the comparable polymer, in the anticlinic
(pseudo-) lamellar system, has (effectively) no molecular ends that may overlap, in contrast to the
dimer and trimer which have a mixture of inner and terminal connections between rod-shaped
elements which do overlap. In addition, the TB pitch tends to decrease from the dimer to the trimer
(pai(low T) = 100 A; pui(low T) = 66 A), implying that the pitch will tend to decrease in the higher
oligomers in this family and approach a value not smaller than pyoly = 2-Spoly,est. The pitch will also
become more temperature-independent with the increasing number of monomers in the oligomer
as the amount of intermolecular locks increases. Additionally, the azimuthal precession Ag per s
increases from the dimer to the trimer (Apai = 42°; Apwi = 71° at low T). From this observation, we
can expect that Ap will tend to increase in the longer oligomers of this family, and asymptotically
approach a value perhaps not exceeding Agpoy = 180°, since the comparable polymer in an
anticlinic (pseudo-)lamellar phase, has ppoly and spoly, (and therefore Appoly), fixed by the chemical
structure. Our investigation of this dimer and trimer outlines the possible trends in their oligomeric
family and for other linear main-chain oligomeric series with similar molecular constructions. It is
important to stress, however, that the behavior of the TB nanostructure of different oligomer
families may depend qualitatively on the chemical structure of those oligomers, as well as on the
number of monomer segments, their relative dimensions, and preferred orientations. Clearly, it is
of great interest to explore the features of the TB nanostructure more systematically as a function
of these variables.

Finally, we evaluate the possible 3D packing motifs of the heliconical chains formed from
the dimer and trimer. Consider the hexagonal lattice represented in the grey shaded planes in Figure
4.2.6a,b. Each site on this lattice has a heliconical chain passing through it, and the constructions

in Figure 4.2.6a,b result if we assume that all the chains pass through the plane with the same
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helical phase ¢. The assumption that all the chains have the same phase is motivated by the x-ray
diffraction crystal structures of Hori et al. [159] for their dimer material II-3, which exhibits a
helical state in its crystal phase with an azimuthal rotation of A3 = 90° per layer, with a layer
spacing of su3 = 9.7 A, a tilt of the mesogenic cores of 1.3 = 45° relative to the helix axis, and a
pitch of pn.s = 38.7 A. The crystal structure of 1I-3 is similar to that sketched for the TB phase of
the trimer in Figure 4.2.6b, but with II-3 having its helical chains on squares rather than on
pentagons and tiling a square lattice to fill 3D space. In this crystal structure, the helical phase ¢
in a given plane normal to the helix axis is the same for all the chains, a geometrical consequence
of the large monomer tilt of II-3 and the steric constraints of packing the rod-shaped units with a
large tilt. The large inherent tilt of the rod-like monomer units in the dimer and trimer makes it
likely that their helical chains are likewise precessing in phase with one another, as depicted in
Figure 4.2.6a,b. Though we find that this evidence points to the organization depicted in Figure
4.2.6a,b, it 1s possible that the helical chains are instead randomly spatially arranged or arranged
in more complex fashions, though we cannot speak to these organizational motifs in the present
study.

Recently, Al-Janabi et al. published an investigation of the phase behavior of the trimer
that we study here [120]. A comparison of our data for our trimer and theirs (which they call B63)
show that their differential scanning calorimetry measurements, phase diagram, and non-resonant
x-ray scattering features are nearly the same as ours. The only difference appears to be that they
obtained different optical textures than expected for a TB phase. On this basis, and the lack of
miscibility between their trimer and another material with a TB phase, they chose not to identify
the lower temperature nematic phase as a TB phase. However, as we report, our RSoXS

experiments demonstrate an orientation modulation at 66 A only near the carbon K-edge
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resonance, and not off the energy resonance. The TB phase is the only known LC phase in this
range of length-scales that exhibits resonant scattering for the helix pitch and the absence of
scattering in non-resonant conditions. The likelihood of having a splay-bend nematic or similar
modulated nematic with a non-zero density modulation, but lacking a non-resonant scattering
signal is too remote to consider and has already been discussed in detail in ref. [70]. In addition to
this evidence, our polarized light microscopy images are decidedly typical of the TB phase,
exhibiting the characteristic blocky and rope textures in a unidirectionally rubbed cell, textures
that have been used by many research groups to identify the TB phase. And finally, a contact cell
preparation with the trimer and the well-known TB-forming material CB7CB clearly demonstrates
miscibility of these compounds in the nematic and TB phases. It is with this evidence that we

confidently identify the lower-temperature nematic phase of CB60OBO6CB as the TB phase.

In summary, we synthesized and characterized the TB-forming LC trimer CB60OBO6CB
and its analogous dimer CB60CB. The trimer exhibits a monotropic TB phase with a temperature-
independent heliconical pitch ps = 67 — 66 A, the smallest yet reported in the literature. Our
characterization of these materials suggests the importance of the number of chemically linked
segments in a molecule for controlling the elasticity and fluctuations in the TB nanostructure. We
constructed a geometric picture of the TB phase for the dimer and trimer which indicates that they
are formed by a helical chain motif which is linked together by an association and overlapping of
the molecular ends. The nanoscale properties of their TB phases differ significantly because the
trimer exhibits an additional molecular association over 2/3 of its length which does not exist in
the dimer. This work evokes the possibility for designing LCs which exhibit a specific,

temperature-independent TB pitch for technological applications in which a fixed pitch over a
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wide temperature range is preferred, such as nano-templating or chiral separation techniques. It
also opens up a rich phase space of possible molecular designs motifs for the TB phase by not only
varying the chemical make-ups and number of monomer units, but by also varying the relative
physical dimensions and orientations of the monomers in the oligomer, likely yielding further,

untold exciting material properties.
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4.3. MIXTURES OF CB7CB WITH 5CB AND THE DUPLEX HELICAL CHAIN MODEL

Here, we characterize the structure of the ground state of the TB phase of the bent dimer
CB7CB and its mixtures with SCB over a wide range of concentrations and temperatures using a
variety of experimental techniques and atomistic simulations. We show that the contour length
along the molecular direction for a single turn of the helix is approximately equal to 2R ..., where
Ruot 1s the estimated radius of bend curvature of a single all-frans CB7CB molecule. This relation
emerges from a model which relates the macroscopic characteristics of the helical structure to the
bent molecular shape. This connection comes about through the presence in the fluid of self-
assembled, oligomer-like correlations of interlocking molecules, arising from the nanosegregation
of rigid and flexible molecular subcomponents, forming a brickwork tiling of pairs of molecular

strands into a duplex helical chain [129].

An important theme in soft materials and LC science is to understand the interplay between
molecular shape and macroscopic self-organization and create new motifs of ordering based on
the exploration of different molecular shapes. A prime example of such a scenario is the discovery
of the spontaneous formation of chiral ordering in fluids (Pasteur’s experiment, in fluids), as
evidenced by macroscopic chiral conglomerate domains in LCs of achiral bent
molecules [51,160]. In these fluid lamellar smectic phases, the confinement of the molecules to
layers forces their steric bends to be in a common, in-layer direction, giving long-ranged polar
ordering, and the steric ordering of molecular tilt gives macroscopic chirality [49,50]. Diverse

motifs of frustrated packing of achiral molecules in these materials lead to chiral isotropic
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liquids [161], chiral, fluid, three-dimensional (3D) crystals [162], columnar phases [54,163],
helical nanofilament phases [53], and chiral sponge phases [52].

The most recent, and perhaps most exotic, manifestation of spontaneous chirality in a fluid
of achiral molecules is the TB phase of CB7CB (Figure 3.2.3), which fills 3D space with a long-
range ordered 1D heliconical precession of pure molecular orientation. A remarkable feature of
the TB phase is its very short pitch, on the order of four molecular lengths in CB7CB. In typical
nematic LC phases, even strongly chiral ones, neighboring molecules differ in orientation by only
a few degrees at most. Known LC phases with larger orientational jumps have positional ordering
into 1D lamellar, 2D columnar, or 3D crystalline phases. How the TB phase remains a fully 3D
liquid in the presence of such strong coherent internal orientational ordering is a key open question.

In order to explore this issue, here we carry out resonant soft x-ray scattering (RSoXS) and
birefringence experiments, measuring the helix pitch and cone angle in a series of CB7CB mixtures
with the nematic LC 5CB, and determining the ground state helix structures of their TB phases.
The resulting TB helix geometries point to the association of molecules into duplex molecular
chains driven by steric self-assembly. This indicates a remarkable new mode of soft matter
organization, oligomerization that is driven principally by steric self-assembly and a remarkable
inherent geometric relationship between the macroscopic helix and the bend curvature of the
CB7CB molecule By (i) In the TB phase, twist and bend deformations of the orientation field of
the molecular long axis (the director field) are much smaller than B,.,. The structure is principally
a twist of biaxial molecular ordering about the long axes, the pitch of which is comparable to
2n/Bmol, quantitatively relatable to the molecular bend curvature, in spite of the near absence of
macroscopic director bend; (ii) The contour length along the molecular long axis direction for a

single turn of the helix is the same for all concentrations and temperatures, implying transient
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Figure 4.3.1: CB7CB and drawing of the TB phase.

(a) Chemical structure of CB7CB. (b) Bent-rod
representation of CB7CB, showing its two contributions
to the director field, the unit vector n. Schematic of the
chiral smectic C phase and (c) the TB phase, showing the
precession of the director orientation on a cone of angle
Ou, taken for here to be the tilt of a principal axis of the
dielectric tensor. (d) Helical winding of the director in the
TB phase. At each level, the indicated orientations fill the
x-y plane. (¢) Geometry of the helical path of the contour
line that locally follows the orientation of n(r). The

distance along the contour is s(¢). A physical constraint
of the TB structure in CB7CB, first reported in this paper,
is that the cylinder radius varies with cone angle fy as sin
Oy, such that the length of the contour s(2m) for one pitch
of the helix (dashed black line) is independent of 8y and
always given by s(21) = 2nRmo, where Rumol is the bend
radius of curvature of an extended CB7CB molecule.

TB heliconical
structure

association of molecules into oligomer-like chains; (iii) The oligomers are linear molecular chains
of one helicity that combine to form a duplex helical, brickwork-like, tiled chain of the opposite
handedness; (iv) The duplex chains behave in turn as helical steric objects which pack to form the
3D phase, thereby hierarchically self-assembling into the heliconical structure [136,164]. This
model reveals a mystery of the microscopic drive of such ordering not captured by continuum
elastic theories, which is driven by the reduced bend modulus.

In the conventional nematic (N) LC phase, the ground state is a three-dimensional (3D)
fluid of uniform density , with an orientation field of molecular rods in which the local average
molecular long axis orientation, the director field, n(r), is the same everywhere [17]. The TB phase
is also a 3D fluid of uniform density but composed of bent molecules which self-assemble into a

chiral, heliconical ground state, with a helical precession of n(z) in azimuthal orientation ¢(z) on a
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cone of angle y; the helix (H) is coaxial with an axis z and has a pitch of ~10-nanometer
scale [59,70,85]. This chiral structure forms by a symmetry-breaking transition from the uniaxial
nematic, even though the molecules are structurally achiral. The resulting heliconical director field
has bend and twist elastic deformations, Bx and Ty respectively, of n(z) that are nonzero and of
uniform magnitude everywhere in space (Figure 4.3.1, [75]). Resonant soft x-ray scattering
(RS0XS), by virtue of its sensitivity to molecular orientation, has enabled observation of scattering
from this TB helix in the bent molecular dimer CB7CB, where the magnitude of the wavevector
of the diffraction peak, |q| = gu, is a direct measure of the pitch of the TB helix, py =
2n/qr [70,111]. The combination of gz data with measurements of the average heliconical cone
angle Oy suffices to determine the essential mean geometry of the TB helix, including the
magnitude of the director bend By. This analysis reveals a remarkable relation between the director
bend and the TB cone angle which is universal both as a function of temperature and mixture
concentration of SCB. As we decrease the temperature from the nematic to the TB phase, the pitch
becomes shorter and the cone angle increases. However, they do so in such a way that gxcos is

fixed, a remarkable behavior.
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The phase behavior of binary mixtures of CB7CB and 5CB was characterized as a function

of weight percent 5CB, x, in the range 12.5 < x < 95 using differential scanning calorimetry,

generating the phase diagram of Figure 4.3.2. The N — TB phase transition was probed using

polarized light microscopy (PLM) of the various mixtures in untreated and planar cells for x up to

62.5 (Figure 4.3.3). In the mixtures with x < 25, the TB phase exhibits the typical stripe texture on

cooling, which was shown to be due to a spontaneous undulation with displacement along z of the

planes of constant azimuthal orientation ¢ [89], caused by dilative stress on the helical structure
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due to the shrinking of py on cooling [70]. For
x > 37.5, we found that the stripes form briefly
on cooling with the texture flickering rapidly,

finally relaxing into a state of uniform

birefringence, indicating that the addition of

5CB tends to fluidize the TB phase and enhance

Figure 4.3.2: Experimental characterization of
the binary phase diagram (a), TB pitch (b), and
estimated cone angle (¢) of CB7CB and its
mixtures with SCB.

(a) Phase diagram of the CB7CB/5CB mixtures vs.
weight %, x, and temperature, 7, exhibiting isotropic
(I), nematic (N), and TB (TB) phases. (b,c) Helix
pitch, px , obtained by resonant soft x-ray scattering
(RS0XS), and optical cone angle, 6y, determined
from birefringence measurements, of the heliconical
structure in the TB phase vs. x and Txrs — T, where
Tnte is the N — TB phase transition temperature.
Birefringence [131] and NMR [133] data from
literature sources are also included. In CB7CB, the
helix pitch near the transition is found to be py =
27tR o1 (blue dot in (b)) where Rl is the bend radius
of curvature of an extended CB7CB molecule.
Diffuse, non-resonant x-ray scattering indicates
periodic segmentation along the helix of spacing p
~ 1.25 nm. The pitch near the transition has eight
such segments (red dot in (b)).
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C

Figure 4.3.3: Optical textures of neat CB7CB and SCB/CB7CB mixtures.

The mixtures are in unidirectionally rubbed cells with rubbing direction R. They are imaged just below the
N — TB transition temperature. In (a) x = 0 and (b) x = 25.0, we see N — TB phase coexistence when the
samples are cooled slowly from the nematic, confirming the first order nature of the N — TB phase transition
in these samples. As we increase the SCB concentration, the temperature ranges over which we observe
phase coexistence becomes narrower. In the (c) x = 50.0 and (d) x = 62.5 mixtures, a very weak stripe
texture appears when cooled several degrees below the N — TB transition, with no observable phase
coexistence.

fluctuations so that it can anneal into an undulation-free director field configuration [87]. This
demonstrates the utility of making mixtures of SCB with CB7CB to obtain a uniform and
undulation-free, well-aligned TB phase. The isotropic (I) to nematic (N) transition temperature of
the mixtures, 77v, decreases monotonically as x increases, while the N-TB phase transition
temperature, 775, decreases nearly linearly with the addition of SCB until it becomes undetectable
for x > 62.5. These behaviors are similar to those in mixtures of CB9CB/5CB [99] and

CB7CB/70CB [165].
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Resonant soft x-ray scattering (RSoXS) was used to provide a direct in situ measurement
of the bulk heliconical nematic structure in the mixtures [70], exhibiting diffraction arcs from
periodicities in the 8—11 nm range in the TB phase. Extensive freeze-fracture TEM study, shows
the helix pitch py, the distance along z for a 2@ circuit of the helix, to also be in the 811 nm
range [59]. This, and the discussion below, leads us to assign the RSoXS diffraction to be from the
fundamental periodicity of the helix, i.e., with the gz = 2n/py. In the mixtures, the diffraction arcs
are smooth and have relatively narrow width in wavevector g at low temperature, as in
CB7CB [70], indicating that the pitch is homogenous throughout the sample. As the temperature
is raised, the scattering tends evolve in ¢ into a distribution of individual arcs of differing g,
including some with linewidths comparable to 0.0002 A’!, the wavevector resolution of the
diffractometer [70]. This behavior suggests the development of domains in the sample having a
distribution of values of average heliconical pitch. Studies in detail in neat CB7CB [70] showed
that the same lower limit of the pitch in the distributions was obtained repeatably but that the upper
limit varied erratically from scan to scan in 7, indicating that the TB helix pitch is much softer in
response to stretching than to compression, and that the stretching is due to nonuniform stress
distributions that develop in the macroscopic textures of the helix axis. For this reason, py is taken
to be that from the lowest-¢g half-height value of each of the distributions. The resulting px data
are plotted vs. Tt — T in Figure 4.3.3b. If the temperature of the TB phase of the x =0 and 12.5
mixtures is increased toward 7B, a coexistence range of 7 is entered in which some of the TB
domains melt. This causes the py distribution to narrow at the highest temperatures in the TB
phase, the upper limits approaching the lower. However, the x = 25 and 37.5 mixtures do not

exhibit this behavior: the pitch range remains large near the transition, indicating that the
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coexistence range is narrower at higher SCB concentrations, which is also what we observe by
PLM.

The optical cone angle of the TB helix, €y, was determined for the mixtures from
measurements of the birefringence, 4n, of the N and TB phases, as detailed in [129,131]. Values
of Oy obtained from birefringence [131] and NMR experiments [133] are also available for neat
CB7CB. The 6y data are plotted vs. 7t — T in Figure 4.3.3c. The data show that 4n increases
continuously with decreasing 7"in the N phase, and then near the N-TB transition abruptly begins
to decrease. We take this change to indicate the onset of the collective heliconical ordering in the
TB phase. The N phase birefringence is somewhat smaller than that of pure 5CB, which we take
to indicate the degree of tilt of the cyanobiphenyl groups in CB7CB away from the average
orientation in the N phase, which is substantial: ~ 30°. The heliconical ordering then further
reduces 4n in the TB phase.

If the TB phase heliconical ground state axis is taken to be along z, then n(r), may be
written as 7(z) = (XsinGucose + PsinGusing + Fcos Gy), where ¢(z) is the azimuthal angle, given by
©(z) = qu-z = (2n/pn)z, as sketched in Figure 4.3.1c-f. The heliconical structure can be represented
as rotation on a cone as in Figure 4.3.1c or by the green director contour lines in Figure 4.3.1¢ and
f, representing the path (contour line) along which the incremental displacement is always along
n(z). The local nematic order tensor is biaxial, with principal axes given by the director (n),
polarization (p), and auxiliary (m) unit vectors. We begin by considering the bend deformation of
n, given generally by the director rotation vector B,(r) = n(r) X [On(r)/Os], where s is the
displacement along the contour. Since by definition of the pitch we have gn = d¢/dz, and from the
geometry of the helix in Figure 4.3.1f, cos@y = dz/ds, we find dg/ds = gucosfy. According to

Figure 4.3.1f, then, the magnitude of the bend of n(z) in the helix is By= Bu(6n) = (qucos Ou)sin Gy.
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B values calculated using this result are plotted in Figure 4.3.4 vs. sinfy for the gz and 6y data of
Figure 4.3.2. The By values fall quite closely onto a straight line passing through the (Bg, sinfy)
origin, indicating that changing 7 or 5CB concentration x just moves points along the line, a quite
surprising result that enables an immediate prediction: if Bu(sin&y) is indeed linear in sin 6y, then
we must have gu(Gn)cosGy = S, the (constant) slope of “the line”. At high temperatures in the TB
phase where Gy is approaching zero, cos@y = 1 and therefore g = S. Thus, for data on the line,
the slope of the line should give the limiting helix pitch near the N — TB transition as piim = 27/S.
Fitting the By data in Figure 4.3.4 to a line through the origin yields S = 0.64 nm™! and therefore
pmim = 9.8 nm. This value is plotted as the yellow dot in Figure 4.3.4 and is indeed close to the
measured pitches at high 7 in the TB phase, deviating from the maximum pitches of the different
mixtures by less than 10%, characteristic of the deviation of the Bxu(6y) data from the fitted line,
which has py increasing weakly with increasing SCB concentration.

The observation that gucos @y is nearly constant leads immediately to the question of how
to interpret this fitted value of S. That By = Ssinfy means that S = B(90°), the maximum achievable
value of bend of n(z), obtained when €1is extrapolated to 90°. However, in the helix we also have
director twist, Tr( G) = qucos* Gy, which, if gucos @y = S, is given by Tr(6k) = Ssin Gy tan by for the

magnitude of the twist deformation, meaning that the twist elastic energy density Ur = KrT#*/2
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Figure 4.3.4: The link between molecular bend and director bend in the TB phase.

(a) Director bend deformation magnitude Bu(Gy) = (qucosGr)sinby calculated from the grand Gy data of
Fig. 2. The sinfy axis is given in units of sin. The measured bend values lie closely to a straight line through
the origin, indicating that gzcos@y =S = 0.64 nm™!. Changing x or T just moves the points along “the line”.
(b) The Bu( 8y) data of (a) can be related to the molecular shape of CB7CB by noticing that S is nearly equal
to its inverse molecular radius of (bend) curvature 1/R..; obtained by fitting atomic centers to a circle. This
suggests that the extrapolation to 8= 90° describes the state of maximum intrinsic bend, obtained by putting
the molecules into the state of pure homogeneous bend (PB) as in (¢), in a brickwork packing motif, while
energetically pinning them to a cylinder of variable radius on which they can seek their intrinsic bend
curvature B,,. For CB7CB, which has a bent shape that fits neatly onto a circle, B = 1/R .0 and the pitch
measurements of (a) are described by By = Buosin@y. This relation elegantly connects macroscopic helix
characteristics at small &y, where the TB structure is dominated by biaxial twist and has little bend, to the
bent molecular shape.

grows strongly with increasing 6y, effectively setting an upper limit of Gumax < 35° on the

achievable range of 6y, and making the limit 6y — 90° nonphysical for the TB helix.

Pure Bend (PB) Regime — We propose alternatively that the extrapolation of B(6) to 6=

90° represents a completely different physical situation, the one exhibiting the maximum preferred
bend of n(z). This requires a geometry: (i) in which there is only director bend (pure bend (PB)),
(ii) in which this bend has its preferred value everywhere (constant magnitude of director bend),
and (iii) in which 8=90°, thatis » 1. z. These conditions are uniquely realized in the geometry of
Figure 4.3.4c¢, in the system of CB7CB molecules in which their atoms are attracted to a cylindrical
surface of variable radius, packed, and equilibrated. Atlow temperature, this condition maximizes
the number density, a condition explored by packing DFT-based (DFT/B3LYP/6-31G**) space-

filling models of rigid all-trans CB7CB. Maximum density in a geometry of pure bend is achieved
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when the molecules are arranged with B(r) and n(r) parallel to the x-y plane (8= 90°), on a cylinder
of preferred radius, 1/Bn0. Since the shape of an extended CB7CB molecule matches a circle
reasonably well, the preferred PB radius can be estimated from the construction shown in Figure
4.3.4b, which minimizes mean square atomic distance from a circle by varying the circle radius
Rmor. That is to say, for CB7CB we take the preferred bend B in Figure 4.3.4c to be the inverse
of Rumor from Figure 4.3.4b. The resulting effective molecular radius of curvature of CB7CB is
found to be Ryor=1.58 nm. This corresponds to a molecular bend of B = 1/Rue=0.63 nm™!, which
is remarkably close to the slope S = 0.64 nm™!, independently derived in Figure 4.3.4a from the 6y,
pu data. These data are plotted in Figure 4.3.4a, with S as the red half dot and B as the yellow
half dot at & = 90°, where B(6) extrapolates to S.

We thus find, remarkably, that the By vs. sinéy trajectory of the data in Figure 4.3.4
apparently could have been predicted from the molecular quantity R, even at small 8y where
there is little director bend left in the structure, and, furthermore, that the limiting pitch at the N —
TB transition can be given in terms of the molecular quantities as puiim = 21/S = 2/Bmot =2Rmoi
= 9.8 nm. That is, if the TB system By vs. sinfy trajectory has slope B, meaning that gzcos Gy
= Bumol, then the helix pitch at 6y = 0° is just the circumference of the circle in Figure 4.3.4b and c,
describing the molecular radius of bend curvature, R0 This circumference accommodates about
four CB7CB molecules of all-trans length (~2.6 nm) with a slight overlap of the CN groups (Figure
4.3.4c¢).

Thus, if the rationale for the TB phenomenon is based on effects of molecular bend, then
this observation suggests that the gu(6y) data respond to changes of temperature and concentration
by moving on the trajectory Bx = Ssinfy, which is in turn being controlled through S by molecular

bend by way of Ry, even at small . This result is also surprising because, for TB phases and
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especially near the N — TB transition where &y tends to be the smallest, there is little director bend
left in the structure, the bend magnitude Bu(6y) getting quite small, as shown in Figure 4.3.4.
Nevertheless, if the data are on the line, bend is still proportional to Bn... Thus, the data of Figure
4.3.4 indicate that the structural preference for the TB ordering to give a well-defined gy is
definitely not a preference for constant bend. Several studies analyzing the elasticity of the TB
helix pitch have recently found the director curvature bend energy to be orders of magnitude too
weak to account for the TB pitch compressional elastic constant, C, measured as &y becomes small,
and were led to propose local lamellar smectic positional correlations as an alternate source of
rigidity [93,147]. Figure 4.3.4 shows, however, since the data are nearly on “the line”, that the
helix pitch appears to be controlled by molecular bend, even in the absence of director bend at
small Gy.

Polygon Chain Model — These considerations lead next to the question of the geometrical

meaning of the line and, in particular, the relationship d¢/ds = gucos@u = Bmor. Thus, on the line,
for different values of @y, qu is such that s(Ag = 2x), the net distance traveled along the director
contour path for a 2m increase in ¢ (one complete turn of the helix, shown as the black dashed line
in Figure 4.3.1e), is independent of &y, and furthermore given by s(A@ = 21) = 21/Binor = 2R ol
for all 6y, including the PB regime 6 = 90° (the path through A@ = 2n around the circle of
circumference 2R 01). The equality s(A@ = 21) = 2nR .. does not appear to be a symmetry of the
system, because the TB ground state at small &y is entirely different from that of the PB at 8= 90°.
However, this is clearly the condition that connects the two regimes.

We can shed light on this condition by developing a geometrical model, the rectangle-
triangle (RT) polygon chain, sketched in Figure 4.3.5, that, by design, exhibits s(Ap = 2m) = 2nR ol

over the entire range of @y. This model is an assembly of rectangular and triangular plates,
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connected into a periodic chain where the lines representing shared edges of rectangles and
triangles are bendable hinges. The rectangles are attached to, and constrained to be locally parallel
to, a flexible rod in the form of a helical spring representing the contour line of the director (green
lines, Figure 4.3.1e,f and Figure 4.3.5b), on a cylinder of tunable radius R = Ruosinfy. The
corresponding tunable pitch pz = 2nRn0/cos Gy guarantees that such a chain of length s(Ap = 2m)
= 2nR o1, 1n this case this length of its eight rectangles, 8L, always makes exactly one turn of the
helix. The rod is inextensible, enforcing by construction the condition that s(A@ = 21) = 2R o1
In the basic structural unit of the chain, consisting of two rectangles and a 45° isosceles triangle, a
45° bend in the director is enforced by the triangular hinge when the triangle and rectangles are all
in the same plane, the condition at & = 90° where the whole construction lies parallel to the x-y
plane (Figure 4.3.5b). This directly models the molecular organization of the PB limit in the
cylindrical shell packing of Figure 4.3.4c.

The hinge angle £, =45°=360°/8 was chosen because, as discussed below, a diffuse feature
in the non-resonant x-ray scattering indicates that that there are ~8 molecular half-lengths in the

TB pitch at small @y. Since the data are on “the line” there must correspondingly be in the pure
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(b) eH =Q°
n(r) 1 (twisted biaxiality)

sin(t/2) + sin(B8/2) = sin?(B,,,,/2)

2+ B2 =B,.7 for Bnuy<1

Figure 4.3.5: Polygon chain which models an elastic band that freely interconverts between director
bend and biaxial twist.

This chain quantitatively embodies the geometry of the TB heliconical state as manifest in the relationship
B(6y) = (1/Ruer)siny from the plot in Figure 4.3.4a, and motivates our picture of the TB phase as an
assembly of sterically stabilized, oligomeric chains. (a) In this geometry, the rigid triangular and
rectangular plates form a chain by sharing common edges which are flexible hinges, enabling the chain to
twist if its bend is reduced as sketched and described geometrically by the relationship indicated in the
inset. (b) The polygon chain is attached to a helical rod that is flexible but of fixed length 27R,..;, and which
can be made to change its pitch by sliding its upper end along z. Here, only a half-period of the helix is
drawn. The red cylinder changes radius as sinéy to keep the rod length constant. In its flattened state (G
= 90°), the chain models directly the PB regime in Figure 4.3.4c, in this case with eight segments and eight
45° bends. If Gy is reduced then this structure rigorously maintains the conditions qu(Gx)cosby = 1/Ryor,
and B(6x) = (1/Rmor)sinby, i.e., it moves on “the line”, like the data in Figure 4.3.4a. In the fully stretched
out state (G = 0°), the twisted biaxiality (TBX) regime, the director bend is replaced by twist of the biaxial
vector p (magenta arrows), with a pitch py = 2nR,.,s mediated in eight twist steps of 45° each, as suggested
by non-resonant x-ray scattering data.

bend regime ~8 segments around the 2nR ., circumference, and indeed, as shown in Figure 4.3.6a,
the PB regime is well modeled by the arrangement of four 45° bent rod molecules. We propose
that each ring in this structure is stabilized by neighboring rings, in an arrangement where adjacent
rings have a difference in azimuthal orientation of 45°, such that the flexible molecular centers in
one ring are over the regions of fluctuating end-to-end molecular contacts in the neighboring ring,
an entropically favored association. This makes a construction like a cylindrical brickwork

chimney, discussed later. With this choice, eight rectangle long edges must make a complete turn,
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so the rectangle length, L, is chosen such that 8L ~ 2nR.... The corresponding magnitude of
director bend is then B = (n/4)/L = (2m)/8L = 1/Rmoi = Bmnol.

The helix can be tuned by pulling the ends of the rod so that they become separated along
a line parallel to z, the separation being the pitch ppy, as indicated by the black arrow in Figure
4.3.1e, which decreases @y and makes the rod less bent everywhere along its length. The bend
angle S of the local elements thus decreases from the maximum of S, = 45° causing them to buckle,
the triangle swinging out of the plane of the rectangles to affect less bend, and in the process
inducing a local relative twist T of the rectangle planes, which are free to rotate about the rod axis,
as sketched in Figure 4.3.5a. With this geometry, if the tilt of 7i(z) relative to £ is Gy, then the angle
between the triangle and rectangle planes will be —y, the condition which keeps the triangle planes
always parallel to the x-y plane. If the separation of the rod ends is increased and px approaches
the rod length 2nR 01, then G — 0, By — 0 as By = sinGx/Ruor, and the rod becomes nearly straight,
with the local geometry in Figure 4.3.5a. The triangle plane is now normal to the rod, and its initial
induced bend in the rod of Ap = 45° is now completely converted to an induced local relative twist
about the director of the rectangle plane normals through Agp = 45° at each hinge, as in Figure
4.3.5b. The bend angle, f, twist angle 7, and fn. are geometrically related as shown in Figure
4.3.5a.

The rectangles also represent the principal axes of the local biaxial nematic ordering tensor
of the director field (director #] flexoelectric polarization direction p, auxiliary unit vector nt), as
shown in Figure 4.3.5a. Thus, as Gy increases, the overall structure of a single pitch is converted
from the Gy~ 90° state: a series of eight steps 0f 45° rotation of director bend and of local biaxiality
about its m"axis on the circumference of the circle of radius R..r; to the Gy ~ 0° state: a series of

eight steps of 45° twist rotation of the local biaxiality about its n"axis, on a path along Z of length
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) pure bend (PB) regime (6 = 90°) (b) twisted biaxiality (TBX) regime (6, = 30°) _, 64
) iy
{n(r)

(a

’ circumference at 6 = 90° 9.8 nm pitch at 6, ~ 0°

Figure 4.3.6: Realization of the polygon chain model for discrete molecules, modeling CB7CB by bent
rods.

Oligomeric chains are formed in both the PB and TBX regimes by the brickwork tiling of half molecules,
with a repeat distance indicated by the blue dashed lines, corresponding to the short-range periodicity
observed in diffuse, non-resonant x-ray scattering (Figure 4.3.7). Each segment contains a pair of half-
molecules. This tiling is stabilized by the entropic association of molecular ends and CB7CB’s flexible
center. The constraint of the bend data and the polygon chain model is that the helix pitch py at small 8y in
the TBX regime is the circumference of the circle in the PB regime. Since py at small &y is 8 segments in
length, the change in ¢ per segment is taken to be 45° in both the PB and TBX regimes. (a) PB regime
showing the brickwork tiling of molecules as in Figure 4.3.5¢: two chains of 45° bent molecules (red-green,
yellow-cyan) forming eight segments of half-molecule pairs, with angular bend jumps of Ap = 45° between
each pair, and a Ap = 45° phase difference in the orientation of the two chains. The small inset shows an
oblique view of the packing structure. (b,c) Oligomeric chain structure showing bent-rod and molecular
models of the brickwork tiling in the TBX regime: two chains of 45° bent molecules (red-green, yellow-
cyan) forming eight segments of half-molecule pairs, with angular biaxial twist jumps of Ap =45° between
each pair, and a Ap = 45° phase difference in the orientation of the two chains. The two right-handed (RH)
chains associate to form a left-handed (LH) duplexed helix. (¢) For uniaxial half-molecules, the optical
polarizability of a given segment can be obtained geometrically. The optical cone angle is &y ~ 10° for the
structure drawn, the case where the molecular planes are untilted.

2nRmo. This scenario precisely maintains gucos@y = By throughout the range of g, i.e., puts By
vs. sinfy on “the line”. We denote these ranges of large and small &y respectively as the pure bend
(PB) regime (6y ~ 90°) and the twisted biaxiality (TBX) regime. The RT model shows directly
that the structural stability of the local elements through the transition from pure bend to twisted
biaxiality is what is required to maintain the compressional elasticity of the pitch under the

condition that By — 0 and director curvature elasticity drops out. The TB phases observed so far
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typically have 8y < 30°, so they are much closer to the twisted biaxiality limit than the pure bend.
Thus, in “TB” the twist should be taken to mean twist of the biaxiality. The 6y ~ 0° regime
represents the state of the helix dominated by twisted biaxiality but having no macroscopic optical
tilt. Such a state is achievable as will be shown below. In the CB7CB mixtures the TB phase
appears to come in with a small but finite fu, consistent with the optical, x-ray and DSC evidence
for a first order N — TB transition.

The RT model can be made for any angle Buor. If Bmor is small, then 2+ 2 = Buor’, with B
and Tt becoming the orthogonal projections of a vector of magnitude S0, constrained to move on
a circle (Figure 4.3.5a). In the limit that S, — 0 with L/f,0; constant and assuming that the hinge
bends remain highly flexible, the RT chain becomes a like a sheet of paper bent into the accordion
fold of a fan, with high bending rigidity in the radial direction, and low bending rigidity in the
circumferential direction. Upon pulling the bend out, such a sheet will exhibit little elastic
resistance against conversion from continuous bend to continuous twist. In the continuum limit
B + Tpx? = Bumol* = Bi? = Pmor’/ L?, the result also derived in Figure 4.3.1f from the projective
geometry of the helix. The exchange of bend and twist is controlled by B even in the limit of
zero bend (Tx = Bot — Bi#/2Bmoi).

Steric Oligomerization of Bent Molecular Dimers — In the RT model, the constraint that g»

cos @y = Bumoi, independent of Gy, is built into the model by the fixed length of its chain of polygons,
a condition that would seem most applicable to a system of locally-bent flexible oligomer or
polymer chains. In the dimer TB phases considered here, there are no chemical links between
molecules, so it is necessary to understand, in the context of independent bent molecules, how such

a similar polymer-like condition could come about in both the PB and TBX regimes, how the PB
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and TBX regimes are linked, and, therefore, how biaxial twist in absence of bend comes to be
controlled by Bl

We propose that molecular bend and steric packing constraints of the condensed TB phase
combine to stabilize oligomeric chains of molecules, and that the brickwork packing motif,
introduced in Figure 4.3.4c and detailed in Figure 4.3.6a, is the common structural feature that
stabilizes the chains and connects the PB and TBX regimes. The brickwork packing of a pair of
adjacent chains can be visualized as a string of segments, each containing a pair of oppositely
directed molecular halves linked by interfaces, each containing the center of a molecule in one
chain and the tails of two in the other. This motif has also been found in molecular dimer LC
structures [159]. This assembly is stabilized by the well-known tendency for rigid and flexible
molecular subgroups to nano-phase segregate [166], with the flexible molecular centers most
readily accommodating the fluctuations in relative position of neighboring molecular ends or tails.
We refer to a duplex helix chain formed in this way as a duplex helical tiled chain (DHT chain,
DHTC). The intraduplex tiled linking is responsible for the apparent fixed contour length, s(A@p=
21) = 21/Bnor along n{r) and manifested in the construction of Figure 4.3.5.

This proposal is supported by the observation of a diffuse non-resonant x-ray scattering
feature in the N and TB phases of pure CB7CB, having a peak on the g-axis, at g» = 5.05 nm’!
[15]. A similar peak is found in the N and/or TB phases of a variety of other bent molecular dimers,
with g, in the range 4 nm™ < g,, <5 nm™' [48,78,84,92,99,103,107,111]. This indicates a periodic
electron density modulation and therefore molecular positional ordering along the helix with a
fundamental periodicity of d,, = 1.25 nm, consistent with the presence of short ranged periodic
positional correlation of similarly structured molecular segments along Z. This finding supports

the brickwork association proposal since this value of d,, is close to half of the molecular length
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(@) ' ' ' Figure 4.3.7: Non-resonant x-ray scattering of
8l L smeeed - bent r.nolecular dimers in the. TB phase in two

_ i Snh(A(B)q2) -cosiqa,| Materials where scans are published.
3 6 1 We model the periodic segment structure as a one-
g 4 | dimensional chain of identical particles (segments)
S connected by harmonic springs. The corresponding
ol ] structure factor, Iip(g-) [167,168], is fitted to the
published scans from (a) DTCS5C7 [111] and (b)
00 CB7CB [48]. lin(g-) depends on three parameters: a
multiplicative amplitude; (Ju?), the mean-square
relative displacement of nearest neighbor particles;
(b)' T dn, the average interparticle spacing. The fits show
12¢ 4 that this simple chain 1D model can describe the
St Cly= 12D segment periodicity peak well, with relative RMS
S gl KB _ o6 1 displacement of the neighboring segments by ~25%
O I of their length, a reasonable value for such an
= 4l { assembly. DTCS5C7/DTSe shows a subharmonic
I J\/__ CB7CB peak, indicating a weak tendency for full molecular
0 ‘ . , ) , . , length ordering, that sharpens into a smectic layer
0 4 8 12 16 reflection at low 7. The broad peak in the CB7CB
gz (nm-7) scan is that from the side-by-side molecular packing

M =1.4 nm of extended CB7CB, which is that that shows up in this powder average.

required for the segment length in a brickwork tiling. In fact, comparison of d, with extended
molecular length for the bent molecular dimer systems for which d,, data is available, noted above,
shows that the condition d,/M ~ 1/2 appears to be a general trend. In CB7CB, since d is
comparable to pn/8 = 1.22 nm, it is close to the brickwork segment length in the PB regime on the
Ruoi circle (Figure 4.3.6a), an observation that can be taken as evidence for there being similar
segments at small Gy.

Another common feature of the fitted chain segment scattering /(¢g-,q1) [167,168] in the
materials in Figure 4.3.7, is that the width of the diffuse peak in the direction normal to the helix
axis g, 0q1, is significantly larger than dq., its extent along the helix. In some cases this appears to
be due to mosaic broadening due to alignment defects, but in the TB phase in the DTC5C7/DTSe
mixtures [111], for example, the narrow angular width in ¢ of the resonant gy peaks shows that the
sample is well aligned, and therefore that the broadening of /(¢.,q.1) in the g1 direction is intrinsic.

The corresponding correlation lengths & and & have the inverse relationship, implying that the
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correlation volumes giving the diffuse non-resonant scattering are extended along Z, i.e., a chain-
like periodicity along £ rather than layer-like correlations.

Duplex Helical Tiled Chain (DHTC) Structure of the TB Phase — The challenge then is to

develop a model of the TB helix with small &y in which it is made up of at least pairs of molecular
chains in a brickwork tiling with subsections along Z of pairs of antiparallel half-molecules, in
which, for CB7CB the structural twist between segments is 45°. To this end, we considered the
organization of single stick and space-filling molecular models consistent with the above
requirements. The PB regime is readily modeled by the packing of all-trans space-filling models
of CB7CB and, as in Figure 4.3.6, by either two- or three- segment bent stick models having 45°
or 30° bends, respectively. In the PB limit, brickwork tiling of either stick model gives a bend of
45° per segment and four molecules per ring (Figure 4.3.6a), so that the change in azimuthal
orientation A is 45° per segment.

The required structures are shown in various representations in Figure 4.3.6b,c and Figure
4.3.8. The basic structural associations are of three molecules like that of the green, cyan, and
yellow groups inside the black elliptical rings in Figure 4.3.6a,b, wherein terminal groups of the
cyan and yellow tuck into the volume of hard-to-fill space vacated by the bending of the green,
and can associate with the flexible central aliphatic linkers. This scenario is repeated for the next
segment along Z, among a group rotated through 45° relative to the initial one and having the cyan
molecule in the center, and so on for all z. The stick models in Figure 4.3.6b,c and Figure 4.3.8
show that this structure is duplex helixed, made up of two identical, right-handed helical chains of
molecules, each transforming into the other by a translation of a single segment length followed
by a 45° rotation in azimuthal angle. The paired assembly of two chains is stabilized in both the

PB and TBX cases by a combination of a constraint, in the former to be on the cylinder or in the
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latter to be in a tube created by neighboring chains, and by the pressure exerted by the neighboring
molecules. In the pairing of the single-strand chains, the overlaps stabilize the structure and the
interlocking bends promote the filling of space. In the bent stick representation of Figure 4.3.6c¢,
the half molecular rods can be taken to represent the optical anisotropy of the halves of the
molecule. Taking this half-molecule polarizability to be uniaxial, the effective optical anisotropy
of a segment of the duplex helix can be obtained using the construction in Figure 4.3.6¢. Here, the
white square at each level is marked with a black dot that marks the midpoint between the
intersections of the two chains with the square. The dark green line connects the midpoints from
square to square. Thus, in a given segment the green line construction will give the orientation of
the local principal axis of the average dielectric tensor having the largest refractive index, which
we take to be the local director. Thus, the green line represents the trajectory of the optical n{r),
which is also a right-handed helix. This construction shows that, in a given segment of the DHT
chain, the tilts of the half-molecular optic axes away from Z, in this case by ~ 22°, tend to cancel
one another, leaving a much smaller effective optical heliconical cone angle, in this case Gy~ 11°.

The magenta labels in Figure 4.3.6¢ indicate the handedness of the various helices, with the single
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Figure 4.3.8: Representation of the TBX regime oligomeric chain structure for Gy ~ 0°.

(a) White circles show the projections onto the x-y plane of half-molecules in each segment, and the black
circles the projections of half-molecules on to the interfaces between segments. (b) The planes of the 45°
bent molecules are tilted from z by an angle (~10°) such that the half-molecule projections on the x-y plane
are separated by Ap = 45°, matching the reorientation in successive segments (cyan, red, yellow). This
results in parallel chain projections within the segments (yellow, green). This drawing is proportioned with
respect to the diameter of the chains according to the molecular volume of 0.76 nm?®. The segments are 1.23
nm along z and 0.88 nm in diameter, that of the black and white circles. The phenyl ring profiles are to the
same scale. (¢) When biaxial optical polarizabilities with parallel projection are added, they give an untilted
biaxial average (Gy ~ 0°). (d,e) Mating of the polygon chain model with the brickwork oligomeric chain.
The projections of the half-molecules onto an interface form a 45° angle that matches that of the yellow
triangles in Figure 4.3.5. If the oligomeric chain is bent, its black disc, representing the interface between
two segments, tilts but remains parallel to the yellow triangle. Thus, in the oligomeric chain, even at small
Ox, the condition gucos @ = 1/R .0 1s enforced, keeping By in Figure 4.3.5a on “the line”.

chains and the director helix being right-handed (RH). Interestingly, the duplex helix is left handed
(LH).

For clarity, the molecules in Figure 4.3.6 are arranged with more symmetry than they will
exhibit in a real TB material. Generally the planes of the bent molecules in the helices of Figure
4.3.6b,c will be tilted away from Z, through an angle 1) as shown in Figure 4.3.8 for both signs of
tilt from Z. The might go to zero at some particular temperature, like the unwinding of the helix in

a chiral nematic at a particular temperature.
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Figure 4.3.8 presents the fully formed DHTC structure in the pure TBX limit for which the
optical director tilt 8= 0°. In this structure, the projection of the halves of a given tilted molecule
onto the x-y plane has an opening angle between them of 45° (Figure 4.3.8c), the same as the
rotation Agp =45° per segment. This condition requires a tilt of the molecular plane from £ of 9.9°.
In this case, the two molecular halves in a given segment have parallel projections onto the x-y
plane (Figure 4.3.8a,c). Since they also have equal and opposite tilts there must be a principal axis
along Z of their average biaxial contribution to the dielectric tensor (Figure 4.3.8d). Starting from
this structure, a heliconical director field of finite 8y can be generated by changing the molecular
tilt or by helical deformation the DHT chain. Introducing director bend into the DHT chain reduces
biaxial twist, following the geometric projection scenario of Figure 4.3.4f and of the RT model in
Figure 4.3.5. This comes about as illustrated in Figure 4.3.8d,e, showing that, on the boundary
between the two duplex chain segments containing the halves of the red molecule (denoted by a
black circle), the projections of the halves of its cyan and yellow molecular neighbors make a 45°
angle to one another. As indicated in Figure 4.3.8d, this corresponds to twist T =45° for f =0 at a
yellow triangle in Figure 4.3.5a. In the presence of director (heavy green line) bend, f, the rotation
of these neighbors relative to the red molecule is of opposite sign (+£ /2, —£/2) and applied on the
projections, as on the edges of the yellow triangle, causing the black disc plane, with application
of bend, to rotate about p, remaining, as in Figure 4.3.8b, coplanar with the yellow triangle as it
reorients (Figure 4.3.5a). Elastic deformation of the DHT chain then satisfies the RT model
constraints which put Bu( 6y) on “the line” in Figure 4.3.4a: gucos Oy = Bmoi, B = Bmoisin Gy, Tpx =
Boicos B, and Br? + Tsx* = Bmor’. For By small, then, the reduction in biaxial twist is controlled
by Bumol, With Tgx = Buor (1 — Bt/2Bmor). In the limit of large bend twist is eliminated and the

structure evolves toward the PB limit (Figure 4.3.8¢).
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Three-Dimensional Heliconical State — The bulk TB phase is a 3D, space-filling packing

of duplex helical tiled chains (DTHCs). The overall orientational ordering with uniaxial positive
birefringence means that the DHT chains are generally oriented parallel to one another, making
the TB a hierarchical nematic superstructure of anisotropic self-assembled oligomeric chains. In
the packing of cylindrical objects that are helically modulated, the helical contours on adjacent
facing cylinders cross each other (like the stripes on a pair of parallel barber poles of the same
handedness if put into contact). This geometry tends to suppress melding of the chains and to
maintain the cylinders as distinct entities in the packing. Each DHT chain then is effectively
confined to an on-average cylindrical hole in the fluid by its neighboring chains which exert an
effective pressure like that coming from osmotic pressure in a depletion interaction. This picture
is supported by the experimental finding that the Bu(&y) data of all the mixtures lie on the same
line in Figure 4.3.4a, indicating that they behave as if they all have the same Bor (at x = 37.5 we
might have expected a significant dilution effect leading to a smaller Byo). The constancy of Bumo:
suggests that in the structures determining the pitch, the DHT chains in the case of in the TBX, are
comprised dominantly of the bent dimers, and that the SCB is a filler in between. The SCB dilution
lowers the phase stability and reduces @y, but this all occurs with gucos @y = Bmor, implying chains
under the same constraint: dg/ds = Bpor.

Next, we consider the steric packing of the DHT chains that makes up the bulk phase. The
fact that the RSoXS from the bulk TB exhibits diffraction spots from oriented domains that are 3D
smectic-like, that is, having resolution-limited width in dqz, indicates that the long range ordered
pseudo-layer scattering objects are arrays of lamellar sheets extended in the in-plane
direction [70,111]. This means that in the bulk TBX packing, the phase ¢ of the twist in a DHT

chain must become coherent with that of its neighbors, a condition that has been observed in
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nematic phases made by packings of chiral particles internally structured as a steric repulsive
helical line, realized, for example in suspensions of helical flagellae [164], and in the extensive
simulations of steric helices of Kolli et al. [136]. The existence of the DHT chains opens up the
possibility of a number of other possible arrangements of these objects such that, for instance, it is
feasible to observe a transverse twisting of these DTH chains akin to a TGB* phase in some range
of parameters. Another example relevant to the TB phase is the helical nanofilament phase found
in neat bent-core systems [53,69] in which chiral filamentous bundles of a few smectic layers
achieve macroscopic phase coherence of their twist solely by interacting through their periodic
biaxiality.

The Kolli simulations [136] appear to be particularly applicable to describe the interaction
of, and the potential of long-range phase ordering for, the DHT chains for finite &y in the TBX
regime. Comparison of the Kolli particles with the steric shape of the DHT chains of CB7CB
shows particles with helical radius /D = 0.2 and pitch p = L = 10D match the CB7CB DHT chains
quite well. The Kolli et al. phase diagram for »/D = 0.2 shows that particles having /D = 0.2
systematically give I, N, TB and smectic phases, with the TB range decreasing as the pitch
becomes comparable to and longer than the particle contour length. Thus, the single pitch duplex
CB7CB chains should be able to order into a 3D TB phase if sufficiently long and rigid. The TB
range is limited with increasing volume fraction by the appearance of smectic ordering,
corresponding to the positional ordering of the particles into smectic layers of thickness
comparable to their length. In the case of living polymer chains, like what we propose for CB7CB,
the effective particles will be transient and polydisperse, the latter condition well known to strongly

suppress smectic ordering [169], an effect which may expand the TB range.
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Figure 4.3.9: Variation of B(6y) vs. sinfy,
for two statistical mechanical model
systems of interacting bent particles.

The black lines are drawn to match the
measured bend at the smallest &y. (a) Monte
Carlo simulation of TB ordering of steric
particles made by rigidly chaining 11 hard
spheres in the form of circular arcs [135].
The length scale is the sphere diameter, o.
The molecular curvature construction of
Figure 4.3.4 is also sketched, giving a
molecular bend B, = 1/Ruwa =
(2m+50)/(360+11) = 0.079/0, plotted as the
yellow dot at 8 = 90°. B,, is comparable to
the slope of the line, as was found for CB7CB
in Figure 4.3.5. (b) Generalized Maier-Saupe
mean-field theory of the TB ordering of bent
rods in which the rod halves were considered
as independent interaction centers [122].
Also sketched is the PB construction of
Figure 4.3.5c, where R is simply set to R =
1/S, ie., the bend B in the circular
construction is set to .S, the bend on “the line”
extrapolated to 8 =90°. It seems remarkable
that a mean-field model can capture this
geometry.

particles [136] behave as if they are smooth, like those of Barry et al. [164], which have helical

glide symmetry. In these cases, if the steric helical interaction is reduced, for example, by reducing

r/D or making p/L large, the system will revert to a simple nematic or smectic phase. However,

the DHTCs are not smooth, but are periodically structured, with a local biaxial shape, so the role

of variations of the steric shape along the DHT chain must also be considered. Figure 4.3.5b,

Figure 4.3.6c, and Figure 4.3.8 all exhibit aspects of the biaxiality of the DHT chains. Figure

4.3.5b for the G = 0° case and Figure 4.3.6¢c show that the projection of the segments onto the

drawing plane varies in effective shape along the chain, with a period equal to half of that of the
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helix. Generally, each segment is biaxial, with a steric cross-section in the x-y plane that has the
symmetry of an ellipse. This elliptical shape rotates in azimuthal angle ¢ along the chain (biaxial
twist), as in a twisted ribbon of zero net local curvature, with a period of px/2, equal to four segment
lengths as is clear in Figure 4.3.5b. In the TBX limit, this is the only periodicity of the DHTC. In
a dense packing of the DHTC:s, steric variations in shape, especially periodic ones, will lead to the
development of correlations between chain positions along Z. This will be an especially strong
effect if the oligomerization has substantially reduced the translational entropy for displacement
along Z. In the helical nanofilament case [52,69], where the structural periodicity is the helix half-
pitch and filament steric profile almost circular such that the neighboring filaments only weakly
sense each other’s grooves, the filaments have a strong tendency to order with their biaxial twist
in phase. In the DHTC case, sufficiently large ellipticity and packing density will lead to a 3D
structure in which adjacent duplexes will align out of phase to facilitate packing. Twisted ribbons,
for example pack best when shifted by a quarter of their pitch.

RSoXS as a Probe of the Duplex Helical Tiled Chain Model — Given that we now have a

fairly detailed structural model, we reconsider RSoXS as a probe of the heliconical structure of the
TB phase. Interestingly, the first applications of resonant scattering to LCs was to probe the
heliconical molecular orientational ordering in chiral tilted smectic phases, wherein the molecules
are confined to layers, sorting out layer-by-layer sequences of azimuthal orientations of tilted
molecules [170,171]. In this context, the general theory of resonant scattering was applied to the
smectic case [172]. This formalism has recently been applied in a comprehensive analysis of
RS0XS scattering from the TB phase by Salamonczyk et al. [130].

RSo0XS at the carbon K edge (incident wavelength, A = 4.4 nm) gives a range of scattering

vectors g < 2m/2.2 nm, probing length scales through the nanometer range down to ~ 2 nm:
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molecular, but not atomic, size. In this ¢ range, molecular subcomponents such as the biphenyls in
CB7CB act nearly as composite entities in the scattering process, being describable by second-
rank molecular polarizability tensor scattering cross-sections, as in deGennes’ formulation of light
scattering by fluctuations in director orientation [17]. In analogy with light microscopy, RSoXS
could even be used to visualize patterns of birefringence of LC phases and textures with x-ray
resolution using depolarized transmission.

Salamonczyk et al. have pointed out that in the scattering from columns of helical
precessing tilted rods, averaging together pairs of columns shifted relatively in phase by a half
period of their biaxial polarizability renders the net polarizability the same in every quarter period
and the second harmonic disappears. In the few experiments where the second harmonic might
have been seen, it has not found [70,111,130], indicating that such averaging may be taking place
in the TB phase. In the case of the DHTCs, shifting a pair of chains by two segments and averaging
will eliminate the second harmonic. However, achieving this in arrays of DHTCs may be
problematical, since frustration effects come into play on the closest-packed 2D hexagonal lattices.

Asymmetric Elasticity of the TB Helix — A relevant feature of the lamellar-like helical

ordering of the TB phase is its strange asymmetry in the response of the TB helix pitch to
compressive or dilative stress [70]. In typical fluid lamellar LCs, such as the smectics A and C,
stresses tending to change the layer thickness encountered in typical textures. For example planar-
aligned cells or focal conic powders in capillaries exhibit little observable variation in layer spacing
in x-ray scattering experiments, except near phase transitions where the compressional elastic
constant can become small. In the TBX regime of CB7CB, the layer spacing exhibits a well-
defined minimum trajectory vs. temperature, but it can be significantly increased in irregular

fashion from this minimum value by dilative stresses appearing in textures in 1 pm thick samples
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between flat plates. The DHT chains can be expected to respond in an asymmetric way to stress
along Z, with the end-to-end packing of the molecules in the chains resisting compression, but the
steric association of the overall structure being rather soft against stretching, providing a natural
explanation for this behavior.

Model Systems of Bent Rigid Molecules — We sought to explore the role of molecular bend

in other TB systems. The only others of which we are aware and for which data sets of py vs. Gy
are available are the mean-field theoretical model for bent rods of Greco et al. [135], and the Monte
Carlo simulation of Greco et al. of hard spheres assembled to make steric circular arcs [122].
These models are of particular interest because they treat collective TB behavior for bent objects
that are rigid. Figure 4.3.9a and b show plots of By vs. sinéy calculated from pu(6u) for the arcs
and bent rods respectively. The black line in each plot is drawn through the origin and Bx( ) for
the smallest Gy. The general behavior of Bu(sinfy) is similar to that of the CB7CB mixtures in
Figure 4.3.4a, but with a tendency to increase relative to the black line with increasing sinéy, which
is also seen weakly in neat CB7CB (Figure 4.3.4a).

In the case of the circular arcs, we carried out the R, construction of Figure 4.3.4b, with
the result shown in Figure 4.3.9a. We found that Ry, = 12.6 in units of the sphere diameter, o.
The corresponding Buo: = 1/Rmor = 0.08/0 is comparable to the B = 0.1/c extrapolation of the black
line, indicating a relation between the PB and TBX limits similar to that in the CB7CB mixtures.
This makes the hard arcs a very interesting system for exploration of the DHTC structure.

Turning to the bent rod case, Figure 4.3.9b shows that Bu( &) obeys By = Ssingy rather
well for G, < 15°, with a slope S = 0.56/L, where L is the length of one of the arms in the bent rods.
In Figure 4.3.9b we have used the small-angle value of S to extrapolate to 8y = 90° in order to

determine the radius of the cylinder R = 1/S in the PB regime. The resulting construction using
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the shape of the simulated bent rods, shows a quite reasonable PB limit. This is an exciting result
because this model approaches understanding the TBX regime from a mean-field statistical
mechanical approach that is entirely different from the geometrical model building that we have
employed. That it captures the essence of the geometry of “the line” offers an opportunity to
understand in detail the evolution of the local geometry to keep the system on the line in absence
of change in molecular conformation.

Both of these models employ rigid molecules and yet seem to exhibit the same essential
geometrical behavior as the CB7CB system, which was rationalized on the basis of nanophase
segregation of flexible (the central alkyl linker and the tail ends) and rigid molecular
subcomponents (cores): the molecular ends find entropic freedom by associating with the flexible
cores. We propose that in systems of rigid bent hard particles the analogous association is between
the particle ends and the free volume available in the pocket of difficult-to-fill space created by

molecular bend.

In summary, the heliconical structure of the CB7CB mixtures exhibits a remarkable
dependence on concentration and temperature in which director bend and biaxial twist exchange
under a strict geometrical constraint that equates the magnitude of director bend at one extreme of
cone angle to the magnitude of biaxial twist at the other extreme (moving on “the line”). This
constancy is related to the ability of the TB phase to maintain inherent bend and a fixed contour
length along the director that are both elastically stabilized, behavior most directly understood on
the basis of the longitudinal connection (transient oligomerization) of molecules. This, and the x-
ray observation of half-molecular length periodicity along the TB helix, leads to the model of the

self-assembly of half molecule-long segments into duplex helical tiled chains of molecules as the
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basic structural element of the TB phase. The geometrical constraint then shows up as Ap = 45°
director bend jumps from segment to segment in the PB ring limit, and 45° biaxial twist jumps in
the TBX limit. There is no symmetry requirement for this equality. The structural organization of
the DHT chains should accommodate a range of possible Ap’s per pseudo-layer spacing. For
example it appears that DTC5C7/DTSe [111] and AZO7 [90], with ratios of pu/p, ~ 6 in the TBX
regime, are Ap ~ 60°/jump, and there seems to be no structural impediment to 90° per jump [159].
Since these Ap ~ 60° materials are unlikely to have comparably large bend jumps in the PB regime,
they will not move on “the line”. Thus, how general the CB7CB behavior is among the TB
materials remains to be seen. However, in any case, the CB7CB scenario appears to offer a useful
benchmark for relating the molecular structure and macroscopic behavior in TB phases. If the data
are not on “the line” as for the simulated systems in Figure 4.3.9, the deviations can be explored
by comparison with CB7CB ideal elastic behavior. For systems exhibiting the CB7CB scenario,
there remains the question of relating the slope S of the By vs. sinf curve to the molecular shape.
CB7CB also turns out to be extremely simple in this regard (maybe not just a coincidence). In the
case of CB7CB, the extended molecule is shaped like a nearly circular arc, so the B is readily
determined from the molecular shape and S matches this bend very well. In general, however, it
will not be so easy to assess molecular bend. For example, flexibility in molecules with longer
aliphatic linkers will likely make B smaller than estimates based on extended molecular shape.
This leads to the question of how to design calculational or simulation schemes of the pure bend

regime that can quantitatively predict the TB structure by determining By, in order to get S.



105

4.4, THE CBNCB SERIES: STRUCTURE-PROPERTY IN A HOMOLOGOUS SERIES THAT

FORMS THE TB PHASE

We synthesized a series of homologues of CB7CB with alkyl linker number n = 5 to 17
odd to investigate the effects of linker length on the properties of the TB phase. We identified the
TB phase in this CBnCB series and investigate them primarily with resonant and non-resonant x-
ray scattering techniques. We find that increasing # tends to increase the thermodynamic stability
of the nematic phase, while that of the TB phase diminishes. The CBnCBs with larger n also have
dramatically longer helix pitch and enhanced structural fluctuations of the helix near the TB — N
transition. We make a low-temperature extrapolation of the measured helix pitch as a function of
temperature for each member of the series to extract the ground state pitch — the TB pitch observed
when fluctuations are frozen out. We find that this ground state helix pitch scales nearly linearly
with linker number. Our study not only demonstrates the nanoscale effects of lengthening the
chemical linker in the CBrCB series, but also highlights the surprising importance of fluctuations

in the behavior of the TB phase.

Since the identification of the TB phase, the academic focus has moved to understanding
the mechanics of the phase along with its associated structure-property relationships. In
investigating structure-property relationships, we vary the structure of a self-assembly building
block and observe the effects on the subsequent bulk assembly. In LCs, the building block is
typically a small organic molecule ~3 — 5 nm in size composed of one or several rigid and flexible
chemical groups. By increasing the length of the flexible tail with respect to the rigid head, for

instance, the nCB series goes from exhibiting the nematic phase to forming smectics when n > 7,
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for example [173]. Many LC materials have been investigated in this way; it has been used to yield
LCs with specifically tuned phase behaviors, in the mO.n series [174], for instance. Investigating
a homologous series can elucidate the structure-property relationships in an LC system in a
systematic way.

Though the TB phase was identified several years ago in bent, flexible dimer LCs [48,78],
the mechanisms of its formation are still not well understood. The bent structure of the molecule
appears to be necessary for the formation of the TB phase, with a number of simulations supporting
this claim [59,76,122], though it is still unclear why. Several groups have investigated the
macroscopic properties of various bent flexible molecules which have different bend
angles [107,109] and with different lengths of the flexible alkyl-based linker (effectively changing
the bend angle) [106,113,114]. But none have yet investigated the nanostructure of the TB phase
in homologues of molecules in which the linker length is systematically varied.

In this study, we synthesize a collection of cyanobiphenyl dimers linked by a flexible alkyl
linker of odd lengths n = 5 to 17, all of which form the TB phase. We characterized the thermal,
optical, and nanoscale properties of each member using several characterization techniques and
investigate the trends that emerge. We find that each homologue exhibits a similar trend in helix
pitch as a function of temperature, with the linker number n correlating with longer pitches in
general. The TB pitch extrapolated to low temperature increases approximately linearly with
increasing n, while the helix pitch at high temperature increases superlinearly and appears to

exhibit enhanced TB fluctuations.
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The phase sequence of the homologous series is shown in Figure 4.4.1. The corresponding

differential scanning calorimetry (DSC) scans are shown in Figure 4.4.2 and selected polarized

light microscopy (PLM) textures in Figure 4.4.3. We find a large temperature range in the TB

phase at n =7 and 9. For CB7CB, the TB phase does not crystallize down to room temperature on

cooling at usual cooling
rates (1 — 10°C/min), and
only crystallizes after
several hours to several
days near room
temperature. For the rest of
the compounds,
crystallization occurs near
the temperature noted on
the phase diagram,
although one can generally
supercool the TB phase
below the crystallization
temperature. CB5CB is the
only monotropic member
of the series, with its crystal

phase melting at ~130°C.
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Figure 4.4.1: Molecular structure of the CBrnCB molecules and
thermodynamic behavior for n =5 to 17.

(a) The odd CBnCB molecules are bent and the alkyl group linking the
cyanobiphenyl arms contain » alkyl units. (b) Phase diagram of the odd
CBnCBs as determined by differential scanning calorimetry at scanning
rate 5°C/min. CB5CB exhibits a monotropic TB — Cr phase, while CB7CB
did not crystallize during the DSC experiment. (c) Latent heat of transition
(AH) in the odd CBnCBs. For reference, the latent heat in the I — N
transition of SCB (pentylcyanobiphenyl, similar to an arm of CB7CB) is
AH = 23 kJ/mol.
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An analysis of the phase diagram of this series (Figure 4.4.1b) can offer some insight into
the molecular dynamics of the system. On increasing n from n = 5 up to n = 11, the nematic
temperature range broadens, and remains almost constant for the remaining members n > 11. This
provides evidence for a decoupling of the arms of the dimers which is complete for n > 11, favoring
uniform alignment of the nematic over TB organization, which is evidently favoured by the more
bent homologues, where 7 is smaller. For n =7, the TB phase is stable over the largest temperature
range, all the way down to room temperature. On increasing n, the TB range decreases
dramatically, and the crystallization temperature increases. This again indicates a decreased
thermodynamic stability of the TB phase with increasing »n and, therefore, less bent molecules.
These trends are also borne out by the observed latent heats of transition for the I — N transition,

increasing with n, and for , decreasing to zero with n. (Figure 4.4.1b).
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Figure 4.4.2: Differential scanning calorimetry scans of the CBnCB series from n =5 to 17.

We performed RSoXS on the n =7 to 17 odd homologues and obtained 2D detector images
on heating for n =7, and on cooling for n = 9 to 17 (Figure 4.4.4a). We converted the 2D detector
images into 1D plots by azimuthally averaging the intensity about the beam center at q = 0. We
then represented the temperature series of these plots as a color map of the intensity as a function

of ¢ and 7. Every compound in the CBrnCB series exhibits a characteristic TB pitch behavior: at
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Figure 4.4.3: PLM of the CBnCB series in the TB phase.
Characteristic stripe texture in the members of the CBnCB series, n = 7 to 17 odd, in horizontally rubbed
cells, with polarizers oriented vertically and horizontally along the edges of the images.

high temperature in the nematic phase, there is no resonant scattering. On cooling towards the N
— TB transition, diffuse scattering at small ¢ increases, indicating increased fluctuations in the
nematic phase (as described in section 4.5). We denote this the “nematic fluctuations peak”. The
nematic fluctuations peak appears near the temperature at which the scattering from the TB helix
occurs. We therefore declare the phase transition to occur at the temperature where the nematic
fluctuations peak is maximal. Just below the N — TB transition, we observe scattering from the TB
helix. On cooling in the TB phase, the scattering features shift dramatically in ¢ at first, with this
trend gradually slowing at lower temperatures. In the CBnCBs with » > 11, the TB phase

transitions into a crystal phase, causing the scattering from the TB phase to disappear once again.
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For n =15 and 17, the helix pitch unwinds appreciably as the crystal phase grows in. The range of
helix pitches displayed by the members of this series is p = 80 — 400 A.

One trend that is immediately obvious is that the TB pitch increases with increasing n. The
pitch also tends to decrease more dramatically on cooling in the homologues with greater n. In
addition, the CBnCBs with n > 13 exhibit scattering which bridges with the nematic fluctuations

peak. This behavior suggests an increasingly 2" order nature in the phase transition with increasing
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Figure 4.4.4: RSoXS experiments and analysis of the odd members of the CBnCB series.

(a) The plots were constructed by azimuthally averaging 2D detector images taken as a function of
temperature. The scattered intensity is represented in the color scales. Regions where there are no data are
black. The data for n = 7 were obtained on heating, while those for n =9 to 17 were obtained on cooling.
The ¢ and d scales are the same in all plots. (b) The most prominent peak positions are plotted, and the
temperature dependence fit with an exponential, yielding a constant offset in ¢ which measures the TB
pitch extrapolated to low temperature. (¢) The low-temperature TB pitch (red) and molecular length vs. 7.
The low-temperature pitch increases essentially linearly with #.
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n, with the corresponding nematic phase exhibiting TB fluctuations which nearly smoothly go
from p — oo to p — pre(high 7).

The color maps of the scattering from the CBnCB series in Figure 4.4.4a provide an
average sense of the scattering from this series but does not highlight the stochastic nature of the
scattering from the TB pitch at high temperatures. At high temperature in the TB phase, the entire
CBnCB series exhibits scattering from many domains which may broaden or sharpen or disappear
from the beam center over the course of only a few seconds at a given temperature. This behavior
is best observed by viewing movies of detector images on cooling, which, unfortunately, cannot
be reproduced here. These impressive changes appear to be manifestations of fluctuations of the
TB helix. The TB fluctuations are most impressive for n = 17, with the nematic fluctuations peak
connected in scattered intensity with the TB pitch fluctuations at times. This indicates a nearly 2™
order transition, or the proximity of a tricritical point near n = 17.

When we observe these compounds in unidirectionally aligned cells under the PLM, on
cooling through the N — TB transition we observe the expected blocky texture, but the large blocky
domains flicker and migrate perpendicular to the rubbing direction and sometimes form into
primitive stripe textures. After a few seconds for » smaller, and possibly a few minutes for » larger,
the texture converts back into the usual blocky texture. This behavior becomes more significant as
we observe the homologues with increasing n. We believe this flickering and the texture
transformations may be an optical manifestation of the TB helix fluctuations that we observe in
RSoXS (Figure 4.4.4a). These fluctuations and 2™ order transition behaviors are an exciting
avenue of exploration — a 2" order TB transition has never been confirmed or observed in detail

in RSoXS, for instance. The experimental demonstration of a 2" order TB transition and
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quantitative investigation of these fluctuations would be intriguing, especially for condensed
matter theorists who study phase transitions.

We performed FFTEM on CB5CB since these measurements yield a very good measure
of the low temperature pitch of the TB phase [129], while RSoXS measurements were too difficult
to obtain for this material. The pitch as measured by FFTEM was p = 7 nm, in agreement with the
general trend that the homologues with shorter linkers yield a shorter TB pitch.

We plot the positions of the most prominent peaks together for each material (Figure
4.4.4b). We then fit them arbitrarily to an exponential function, which provides a good fit and an
extrapolation of the pitch at low temperature, as expected from measurements of » = 7 and 9 and
as depicted in ref. [122] . The extrapolated low-temperature TB pitch is plotted in Figure 4.4.4c
and is linear in n. This indicates that each members of the series approaches the same low
temperature TB ground state.

We performed conventional wide-angle x-ray scattering (WAXS) on the homologues n =
7 to 13 to check that the TB phase lacks lamellar ordering (as expected for the TB phase) and to
determine the position of the diffuse scattering features for the purposes of developing a
quantitative model of the TB nanostructure. Indeed, none of the compounds we measured
exhibited lamellar ordering.

We plot the position of the diffuse WAXS feature along the TB helix corresponding to a
pseudo-layer spacing s, and plot it against the half molecular length Limo/2 in Figure 4.4.5a. Limol/2
increases linearly with n, whereas s increases superlinearly, with the two functions crossing over
near n = 12. We model this crossover behavior in Figure 4.4.5b. In CB7CB, the molecular ends of

neighboring molecules overlap, with the central carbon of a third laterally-neighboring associating
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with this overlap, creating a triple association. In CB17CB, however, the arms of the molecule

separate significantly, such that there is only a pairwise association of molecular arms.

(a) (b)

28 I I I T T I I
I o ' n=7 n=17
26 = L, /2 Lmo|/2 >S LmoI/2 <s
I ® S 1 . P
24 | @2) - \}Q\ 2
- -_ _- < * Lm0|/2 : <
20 I ° m ] ‘ ’
< | = ] N 2
S 18 . > 24 \
L - 4 > \
16 - - - >*:|/ ~ S
I ° ] \ > b
ap - 3 %
® ¢ {
12 | ® . ‘ /
L 4 \ . /A S
10 1 1 1 1 1 1 1
3 5 7 9 11 13 15 17 19
CBnCB homologue, n
(©) (d) 3
v 720777777718 E
17 b low T values:—- 17 é
2 5[ azimuthal rotation A@ | ,..| . e U Py
S per segment CBI1CB- 63 1. &
g 5r ~__ | [ |y cence- 7.0 1153
= 1l doe°L @ CB15CB- 7.2 ¢4 s
ﬁ I CB17CB - 75 F] 2
‘a 13 low T values: v 13 ‘g'
= 121 . 82382 : 3? i. 30° - azimuthal rotation A(p:'-_ 12
o 11| CB11CB - 7.2 v I ©
% | v cB13cB- 6.2 f per Loo/2 UQ;
= 10 - 4 CB15CB - 53 -4 36°F / -E
o )]
€ 9r * I c
m [ o Q
g 8r T =
5 7f St B o
*® oL / 1 eooL =
5 | I [T T NT S N —— | Y [T NI ST f
-70 -60 -50 -40 -30 -20 -10 O -70 -60 -50 -40 -30 -20 -10 O [e)
o o #
T—Tyrs (°C) T— Ty (°C)

Figure 4.4.5: Segment length and L in the CBrCB series.

(a) A real-space plot of segment length s and the half molecular length Lyo/2. (b) Model of the behavior
in (a) to show how the segment length increases beyond the half molecular length. The number of (c)
segments and (d) half molecular lengths per TB pitch py as a function of temperature, with the axis for
azimuthal rotation Ag per unit in the middle.



114

We can then plot the TB pitch pu/s and pu/(Lmoi/2), and obtain the azimuthal rotation Ag
per s (Figure 4.4.5¢) and Ag per Lmo/2 (Figure 4.4.5d). These plots demonstrate that the TB phase
of these molecules is composed of many pseudo-layers at high temperature, with the number
reducing dramatically on cooling. Inversely, the azimuthal rotation Ag increases dramatically. This
indicates that the TB helix is dynamically changing on cooling.

We performed birefringence measurements on the entire CBnCB series and plotted the data
in Figure 4.4.6a. We then used the procedure developed by Meyer ef al. in ref. [131] to extract an
estimate of the TB cone angle as a function of temperature, shown in Figure 4.4.6b. Evidently, the

cone angle is not very sensitive to n.

We have systematically investigated the homologous CBnCB series for n = 5 to 17 odd
and studied its phase behavior and TB characteristics as we varied n. We found that increasing »
tends to stabilize the nematic phase thermodynamically, with the TB phase becoming less stable
and more prone to crystallization. The TB pitch extrapolated to low temperature increases linearly
with n while the high temperature pitch increases superlinearly and exhibits increasingly enhanced
fluctuations, evidence for an approaching tricritical point. Thus, we have a sense for how varying
n affects the TB phase. This work can help direct the chemical synthesis of TB molecules with a
desired increased TB pitch by simply increasing the spacer length, though at the expense of the
TB temperature range. We also show that RSOXS can be used to observe tricriticality and 2™

order phase transitions in TB systems.
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Figure 4.4.6: Birefringence and estimated TB cone angle in the CBnCB series.

(a) The birefringence generally increases with increasing », with the notable exceptions of # = 11 and 13.
(b) The estimated cone angle (not the true cone angle) for each member of the series does not appear to
vary significantly with n.
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4.5. NEMATIC ORIENTATION FLUCTUATIONS NEAR THE TB PHASE

Orientation fluctuations are ubiquitous features of soft materials, operative on length scales
ranging from nanometers in the rotational dynamics of single molecules, to the macroscopic
deformation of local orientational order in LCs, polymers, and biomaterials. Here we propose the
application and unique capabilities of depolarized resonant soft x-ray scattering (RSoXS) as a
specific probe of molecular orientation fluctuations at the nanoscale. This technique is
demonstrated by measurement of the spectrum of the thermally generated collective (director)
fluctuations in the local average molecular orientation of a nematic LC using carbon K-edge
resonant scattering. The scattering reveals the elastic behavior of the nematic near the transition
to the TB phase and demonstrates the existence of short-range, transient heliconical assemblies of
molecules in the nematic. We develop a model for resonant x-ray scattering near the nematic — TB
transition in the vein of similar treatments by de Gennes of light scattering at the nematic — SmA

transition and find excellent agreement with our results.

LCs are a prototypical soft matter system composed of anisotropic molecules which
collectively organize and orient in numerous ways such that they exhibit unique properties. In the
nematic LC phase, this includes optical anisotropy arising from long-ranged orientational ordering.
Additionally, the elastic and hydrodynamic properties of nematics give rise to such optical
behavior as turbidity. Many of the elastic and hydrodynamic properties can be investigated using
quasielastic light scattering experiments [175], which probe the dynamical properties of soft

materials and afford such information as elastic constants and correlation lengths.
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Chatelain performed the first comprehensive light scattering experiments on LCs when he
irradiated the LC azoxyanisole in the nematic phase with linearly polarized light and observed a
strong anisotropic scattering response [176]. Later, de Gennes showed that light scattering in the
nematic was due to fluctuations in the dielectric tensor caused by orientation fluctuations of the
local director at finite temperature [177]. The derivation of the fluctuation modes in the nematic
phase could then be used to extract the elastic constants and correlation lengths of the material as
a function of temperature. Subsequently, the Orsay group showed that one could also extract the
Leslie coefficients of viscosity using light scattering experiments [178,179]. As the understanding
of thermal fluctuations in materials became important for the study of renormalization group
theory, light scattering experiments became widely used to investigate the nature of various phase
transitions and critical behavior [180].

Probing fluctuations in molecules and nanoscale structures requires the nanoscopic
sensitivity afforded by x-ray light. However, conventional x-ray scattering techniques are only
sensitive to electron density modulations in samples and not to molecular orientational
fluctuations. Examples of modes of molecular reorientation in LCs that do not produce electron
density modulation are the helical precession of the molecular tilt direction in the chiral smectic C
phase, or the alternation of molecular tilts in anticlinic and clock smectic phases [181]. In these
cases, resonant x-ray scattering is an effective probe of the ordering [182], as the coupling between
linearly polarized x-rays and the asymmetric electron cloud of the sample results in a tensorial
atomic scattering cross-section for energies near the absorption edge [172], with the scattering
contrast dependent on the orientation of the molecule with respect to the polarization direction of

the x-ray beam. Recently, RSoXS at the carbon K-edge has been applied to investigate polymer
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blends [183], block copolymers [66,184], organic bulk heterojunction solar cells [67] and
polymeric transistors [68], helical nanofilaments [69], and the twist-bend phase [70].

In RSoXS, when constituent particles are much smaller than their fluctuations, their
scattering averages into an optical birefringence-like behavior [172] which makes this technique
an effective choice for investigating meso- and nano-scale fluctuations in LCs. In this study, we
use RSoXS to characterize the nematic fluctuations of a TB-forming material while varying the
temperature across the N (nematic) — TB phase transition. We develop a phenomenological model
which describes and reproduces the behavior of these fluctuations. With this, we may extract the

relationships between the nematic elastic constants and other unknown parameters.

The TB-forming LC material MDA-15-1369 (MDA, for conciseness) is a proprietary LC
mixture from Merck Corporation which exhibits a room temperature TB phase and has the
following phase diagram down to room temperature: Iso (62°C) N (26°C) TB. PLM experiments
demonstrate that it exhibits a conventional nematic phase at high temperature which aligns well in
a commercial, unidirectionally rubbed cell. On cooling into the TB phase, the nematic director
fluctuations freeze out and characteristic TB stripes develop along the rubbing direction (Figure
4.5.1a). There appears to be some coexistence of the N and TB phases, even at room temperature,
with a wide temperature range phase coexistence expected for LC mixtures such as MDA.

When quenched at room temperature in the TB phase, freeze-fracture transmission electron

microscopy (FFTEM) measurements reveal nanometer-scale sinusoidal modulations of the



Figure 4.5.1: PLM and FFTEM characterization of MDA.
(a) PLM image of MDA in a horizontally rubbed cell, exhibiting characteristic TB stripe textures. (b)
FFTEM image of MDA showing sinusoidal topographical modulations of periodicity p = 19.6 nm.

fracture surface characteristic of the TB phase [59] (Figure 4.5.1b). The most frequently observed
pitch was ~20 nm, with the range of observed pitches being ~15 — 25 nm.

RSo0XS has already been shown to be an excellent tool for studying the TB helix while
varying temperature in situ [70]. We used RSoXS to investigate the nematic fluctuations of a TB-
forming material because the bend elasticity becomes very small near the N — TB phase
transition [84], making bend fluctuations large and giving a measurable, temperature-dependent

scattering signal.
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At high temperature in the nematic phase, MDA exhibits the expected elliptical small-angle
scattering pattern shown in Figure 4.5.2a,b, demonstrating the different magnitudes of twist-bend
and splay-bend fluctuations [177]. On cooling, the intensity at small g increases dramatically, with
the scattering in the ¢, direction decreasing dramatically and making a waist in the elliptical profile
(Figure 4.5.2c,d). Near room temperature, we obtained a region in the MDA sample which
exhibited N — TB coexistence (Figure 4.5.2¢,f). A scattering arc at |g| = 0.025 A" comes from the

TB helix (prz = 25 nm), and a diffuse, dumb-bell-shaped scattering feature corresponds to nematic
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Figure 4.5.2: Smoothed RSoXS images of MDA on cooling.

At the high temperatures (a,b), the scattering pattern is elliptical, as we expect from a conventional nematic
phase. As we cool further and approach the TB phase (c), the bend elastic constant becomes very small,
causing large fluctuations of the nematic director, evident in the increasing size of the elliptical scattering
at small ¢g. (d) The small-angle region develops a dumb-bell shape, indicating the departure from
conventional nematic director fluctuations and the influence of the TB nature. Near room temperature (e,f),
the nematic fluctuations coming from the dumb-bell shaped scattering transitions into TB domains as a
distinct peak appearing at the edge and perpendicular to the dumb-bell.
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orientation fluctuations of the splay-bend mode. Because the bend elastic constant is small with
respect to the other elastic constants for TB-forming materials [84], the most pronounced
fluctuations in the scattering correspond to the bend. For our sample-detector geometry, the bend
fluctuations appear as scattering along the ¢, axis [177], or the helix axis (along the length of the
dumb-bell), so that the scattering peak near the lower portion of the dumb-bell corresponds to the
TB domain forming from the nematic domain which is producing the orientational fluctuations.

When we take a radial line scan along g, from the beam center toward the lower portion of
the dumb-bell-shaped scattering, we obtain the colored points in Figure 4.5.3a. We normalize this
scattering by that expected from the orientation fluctuations (intensity o« g,%), isolating the
contribution of the growth of the TB helix in the scattering (Figure 4.5.3b). The fits to these curves
are provided by a simple theoretical model that we developed to explain this behavior, the
description of which follows.

Using the methodology of de Gennes, we outline a model for the orientation fluctuations
near the N — TB phase transition by modifying the Frank elastic free energy for a nematic to include

terms which describe the TB phase. The director field 7 of the TB phase is given by

A A A A

n = xn,cosq - T+ yn,sing - r + zn,, (1)
where 7 is along the helix direction, X and y are perpendicular to 2, n, is the component of the
director perpendicular to the helix axis, and n; is parallel. The free energy density for the nematic
phase of a TB-forming material includes the Frank elastic free energy density of a nematic and
additional terms which take into account the polarization of the molecules and the flexoelectric
coupling [137]. We account for the energetic preference for a finite wavevector, orientationally

modulated state that leads to the spontaneous chiral symmetry breaking of the TB by introducing
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a dispersion minimum in polarization elasticity at finite go. The free energy f, of this system is
then given by

1 1 1 1
fo =3 KsS* + S KrT? + - KpB? + S [A+ B(q.” — qo)?)]p(@)* — CB - p(q), 2)

A N

where K; are the splay, twist, and bend elastic constants respectively, $ =V-n, T =n- (V X n),

B=Vx(Vx 1A1), p is the polarization, and 4, B, and C are coefficients to be determined
experimentally.

In our scattering geometry, we are primarily probing the bend fluctuations of the director.
Introducing fluctuations in the order parameter and focusing on the bend contributions to the free

energy, to lowest nontrivial order we find

1 .
f}luc = f - fO = E{KBCIZZanZZ + [A + B(qz2 - CIOZ)Z]lp(q)lz} - Cp(“lzgn)° (3)
Minimizing the free energy of the fluctuations with respect to p yields

_ C(iq,6n)
Pmin = A(l + H(qz)) (4)

where
H(q,) = §*(a,* — qo®)? = (B/A)(a,” — qo*)? (5)
Now we analyze the Fourier modes of the fluctuations after the manner of de Gennes [177].
Solving for the thermal average of the mean-squared fluctuations and using the equipartition

theorem, we find

2\ _ kgT ( 1+ H(q,) )
<5nqz ) KBCIZZ KBeff/KB + H(Qz) (6)
where
C*(T
(Kpesr/Kp) =1 - () (7)

A
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This model, which has three free parameters: A, B, and C, is used to fit the line shape of

the nematic fluctuations in the RSoXS. Figure 4.5.3a shows fits to the data of g, from Figure 4.5.2.

The fits exhibit the expected 1/q,? scattering along
with the development of the scattering peak from the
TB helix. When we plot (6n,,2) * q,2/A, we can see
the contribution to the scattering from the TB helix
growth alone (Figure 4.5.3b). This demonstrates that
a relatively simple mean field treatment can explain
the complex behavior that we observe at the N — TB

phase transition.

Here, we demonstrated the efficacy of using

RSoXS to examine nematic orientational
fluctuations. We developed a phenomenological
model which fits the profile of the diffuse scattering
from these fluctuations, permitting us to extract
various material parameters from a TB-forming LC,
including the ratios between elastic constants, the
orientation correlation length, and the flexoelectric
coefficient. This methodology will be useful for
investigating the orientation fluctuations of any soft
such as

material with orientational ordering,

anisotropic colloids and fluid DNA fibers.
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Figure 4.5.3: Fits of the nematic fluctuations
features in the RSoXS data to our
continuum elastic model.

(a) Line profiles taken from the beam center
along the length of the upper portion (gq.) of the
dumb bell at different temperatures and fits to
their profiles obtained from the theoretical
model. (b) Contribution of the TB helix
development to the scattering, attained by
factoring out the contributions from the
nematic fluctuations in (a) by 1/q,2.
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4.6. THE BLUE AND TB PHASES OF MIXTURES OF CB7CB WITH THE ROD-LIKE CHIRAL

DOPANT CB15

We studied the phase behavior of binary mixtures of the TB-forming LC CB7CB with the
rod-like chiral dopant CB15. In mixtures with low concentrations of CB15, we observe cholesteric
and TB phases on cooling from the isotropic. At higher concentrations of CB15, a unique LC phase
with many characteristics of a classical blue phase appears below the isotropic phase, which we
dub BP*. This phase persists over a ~15 — 30 K temperature range, with the range tunable with the
concentration of CB15. Freeze-fracture transmission electron microscopy (FFTEM) images in the
TB phase demonstrate periodic modulations in the surface topography, a signature of the TB
nematic phase. Resonant soft x-ray scattering (RSoXS) experiments are used to measure the
temperature dependence of the pitch in the TB phase. No resonant scattering is observed in the

temperature range of the BP* phase.

Since the TB phase was first theoretically postulated [74—76] and subsequently identified
in experiments [48,59,70,85], it has garnered much attention from the LC community. In the
conventional nematic phase, anisotropic molecules are positionally disordered but have long-
ranged orientational ordering. The TB phase is a nematic variant consisting of flexible organic
molecules which, because of their molecular shape, favor a nematic director field with
macroscopic bend. This stabilizes twist and bend nematic deformations, giving the structure of the
TB phase, a positionally disordered fluid with molecules helically precessing about a helix axis z
such that their orientations are fixed on the surface of a cone with cone angle 8 and with a helical

pitch p generally only a few times the length of the molecule [59,70,85]. This helical director
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configuration is borne out of spontaneous reflection symmetry breaking from the nematic phase,
leading to conglomerate domains in a sample consisting entirely of achiral molecules.

The ability to induce a twist with only one handedness in the TB phase is essential for its
application in such chiral technologies as asymmetric chiral synthesis and chiral separations [185—
188]. TB materials could even be utilized as chiral transport media for nanoscale objects which
are sensitive to a fluid nanochiral environment. There have been attempts to induce enantiomeric
excess in sample of the TB phase by introducing a chiral dopant [94,189] or by synthesizing a
chiral molecule that forms the TB phase [93], though more conclusive evidence is necessary for
such claims of homochirality. Understanding the factors that contribute to controlling the
handedness of the TB phase may very well lead to a deeper understanding of the nature of the
phase itself.

A common way to obtain chiral LC phases is to mix an achiral LC with a suitable chiral
dopant. When doping an achiral nematic phase with a small amount of chiral dopant, one generally
obtains a cholesteric (section 1.1.2). In some cases, adding more chiral dopant can stabilize one or
more of a number of blue phases, consisting of so-called double-twist cylinders in which the
nematic director field twists in two dimensions about a single axis (section 1.1.3). These double-
twist cylinders then self-assemble and form a 3D lattice of cylinders and an accompanying lattice
of defects with a lattice parameter on the order of several hundred nanometers. Bragg scattering
from this lattice generally yields blue and green colors which are visible to the naked eye, leading
to the name ‘blue phase’. The blue phases typically only persist over a temperature range of
<1°C [26]. However, in mixtures of bent, flexible molecules with chiral dopants, the blue phases
can be stabilized over many tens of degrees Celcius [190]. Several techniques for stabilizing the

blue phases have been developed, including stabilizing the defect structure of the blue phases with
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photo cross-linked polymers [191] and nanoparticles [192,193]. The addition of an achiral, rigid
bent-core mesogen has been shown to induce the blue phases in a cholesteric LC mixture [194].
This was attributed to a possible softening of the saddle-splay elasticity which tends to favor the
formation of the blue phases. Several studies claim to have observed a blue phase in chiral TB
systems [93] and in mixtures of achiral, TB-forming molecules with a chiral dopant [94]. A
theoretical and computational simulation suggests that bent flexible molecules themselves could
form novel blue phases with polar order [195]. This seems plausible given that the TB phase
exhibits local twist akin to a double-twist cylinder.

We were motivated to study mixtures of CB7CB and the chiral LC dopant CB15
(molecular structures shown in Figure 4.6.1) in the hopes of inducing a homochiral TB sample —
with a single sign of helical twist. We chose to use CB15 as a chiral dopant because of its structural
similarity to a molecular arm of CB7CB, promising excellent miscibility of the components. This
chiral induction could manifest as a lack of conglomerate domains or a significant change in the
TB helix pitch with respect to a similar mixture of CB7CB with the achiral rod-like LC 5CB [128],
measurable with various probes of nanoscale structure. In our experiments, we find no clear
evidence of such chiral induction. This indicates either some degree of nanoscale immiscibility
and nanophase segregation in the TB structures, or simply a lack of strong enough chiral induction.
However, we do observe an LC phase with properties characteristic of the blue phases, though it
is also distinct from them in several ways. This may point to some novel structural motifs which
originate from the unique nature of the TB phase. In addition, when the concentration of the chiral
dopant is large enough, the BP* phase exhibits a very wide temperature range — up to 30°C in the

mixtures that we studied.
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We determined the mesophases of the x% CB15/CB7CB mixtures (where x is the weight
percent of CB15 mixed into CB7CB) using a combination of PLM and differential scanning
calorimetry. The binary phase diagram in temperature and concentration is shown in Figure 4.6.1.
All the mixtures studied herein were miscible at all studied temperatures and concentrations, with
no evidence of macroscopic phase separation. Neat CB7CB exhibits an isotropic (Iso) — nematic
(N) transition at 111°C, followed by an N — TB transition at 99°C. In a mixture of 1% CBI15 in

CB7CB, the isotropic phase is followed by a cholesteric phase. On the transition from the

Figure 4.6.1: Molecular structures of
CB7CB and CB15 and a binary
phase diagram of their mixtures. O CB7CB O
Neat CB7CB exhibits an Iso — N NC

transition and an N — TB transition on
cooling from high temperature. At low
CB15 concentrations, the mixture
exhibits a cholesteric phase rather than

CN
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cholesteric phase to the TB, we

observe an unwinding of the cholesteric helix, likely due to the divergence of the twist elastic
constant at the transition to the TB phase, in analogy to a N* — SmA transition. In addition, the
cholesteric must unwind to accommodate the subsequent alignment of the TB helix axis along the

rubbing direction, which appears to be a strong preference.
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On cooling a 25% CB15 mixture from the isotropic phase, we observe an LC phase which
is reminiscent of a classical blue phase (Figure 4.6.2a), characterized by optical isotropy (no
detectable birefringence) and strong optical rotation of light, implicating the presence of a chiral
superstructure. The addition of a strong chiral dopant to a cholesteric phase increases the twisting
power and can cause it to evolve into a blue phase [34]. However, the texture of the phase in our
mixtures is composed of small, grainy, blue and green domains of size <1 pm. These domains do
not grow any larger, even at the very slow cooling rate of 0.01 °C/min, in contrast to the classical
blue phases I and II in which slow cooling often yields large (~100 um), faceted crystallites [15].
This phase is also unlike the classical blue phase III (otherwise known as the blue fog phase),
which exhibits only a dim, diffuse blue color due to diffuse Bragg scattering [15]. After comparing
this optical texture to that of other known blue phases, including the more exotic smectic blue
phases [36,196,197], we conclude that this blue phase is unique. This phase may be a variation of
the classical blue phases I or II with some unusual, self-limiting domain growth or it may represent
an entirely different molecular organization based on a TB or polarization-modulated motif [195].

At concentrations of CB15 below <15%, the textures of the TB phase of the mixtures
observe in PLM appear nearly identical to those exhibited by neat CB7CB. At higher
concentrations of CB15, the TB phase takes on a notably distinctive character and texture. In a
25% CB15/CB7CB mixture, for example, the TB phase forms directly out of the BP* phase as a
collection of elongated domains many tens of microns wide and ~100 um long in a unidirectionally
rubbed cell (Figure 4.6.2b). These domains align with their long axes oriented at large angles with
respect to the rubbing direction. In some cases, this angle is 63 — 68° clockwise with respect to
the rubbing, and in other domains this angle is 163 — 168°. The behavior appears to be a kind of

surface electroclinic effect, with domains of different handedness tilting at different angles with
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rubbing

25% CB15/CB7CB

50% CB15/CB7CB

Figure 4.6.2: Polarized light microscopy images of 25% and 50% CB15/CB7CB mixtures.

(a) Texture of the 25% CB15/CB7CB mixture in the BP* phase. This phase is optically isotropic and
optically active like conventional blue phases. The texture consists of <1 um blue and green grainy
domains, with the blue-green color visible even to the naked eye. (b) On cooling into the TB phase, TB
domains form out of the BP* texture, tending to align at an angle with respect to the horizontal alignment
direction. (c) Several degrees further below the transition, the TB phase becomes significantly more
textured and the alignment directions of the long domains shift, the mature texture setting in at low
temperature (d). (f) The TB phase of the 50% CB15/CB7CB mixture appears very nematic-like, with weak
director fluctuations visible and apparently uniform birefringence. On rotating the sample counterclockwise
(e) and clockwise (g) by 15°, however, large (>100 pm) domains separated by a grainy boundary alternate
from bright to dark, indicating that the macroscopically uniaxial domains are aligned at an angle with
respect to the rubbing, but with opposite sign. This implies a segregation based on structural differences
within the domains, the most likely of which is the handedness of the TB domains. The scale bars in (a-d)
are 50 um, and the scale bars in (e-g) are 100 um. Crossed polarizers are oriented vertically and horizontally
in these images. I enhanced the contrast in (a) to emphasize the distinct coloration in each grainy domain.
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respect to the rubbing direction [198,199]. The alignment of achiral LCs on a chiral surface has
produced substantial orientation angles [200], but the alignment of an LC with a chiral
superstructure at an angle with respect to an achiral linear orientational bias has not been
thoroughly investigated, having only been observed in neat CB7CB [131] to our knowledge,
though not to the degree that we observe it here. The asymmetry in the rotation angles of the TB
domains is a mystery. However, we find this behavior to be evidence of a lack of, or at least
incomplete, chiral induction by the CB15 in the TB helical superstructure.

On further cooling into the TB phase, new elongated domains form over the previous ones
(Figure 4.6.2¢). These domains have a much ‘rougher’ texture, and they are oriented at somewhat
smaller angles with respect to the previous domains (45 — 60° clockwise and anticlockwise from
the rubbing direction). We attribute this new texture not to a new phase, but a visual manifestation
of the CB7CB undulation instability that occurs when the TB pitch decreases cooling [87,89]. Our
DSC and other experimental measurements indicate no evidence for an additional phase transition
in this temperature range. Near room temperature, the mature texture fills the cell (Figure 4.6.2d).

On heating the 25% CB15/CB7CB mixture from room temperature at 0.5°C/min, it
transitions directly into a cholesteric phase at 50°C, with selective reflection colors and oily streaks
in a planar-aligned cell. On further heating, the mixture transitions to the BP* phase at ~70°C,
followed by the isotropic phase several degrees C higher. Interestingly, on cooling while in the
cholesteric phase at the higher end of its temperature range, the BP* phase can form and persist in
two-phase coexistence with the cholesteric until the usual BP* — TB transition temperature.

We performed optical spectroscopy on the mixtures in order to determine their spectra and
investigate the nature of the BP* phase. The normalized reflection optical spectra of a 25%

CB15/CB7CB mixture at several different temperatures are shown in Figure 4.6.3. The reflectance
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is calculated from the transmitted intensity normalized to 1.0 as measured well into the isotropic
phase of the mixture. On cooling into the BP* phase, we observe a shoulder in the reflectance at
small wavelengths which broadens on further cooling. This feature has the effect of producing a
blue-green color in the cell. The classical blue phases exhibit relatively sharp optical Bragg
scattering peaks corresponding to their lattice structure and reflection color(s) [39,40]. However,
this shoulder never forms a Bragg scattering peak. On transition to the TB phase, the reflectance
increases dramatically at large wavelengths. The spectra imply that we are not observing a classical

blue phase with well-defined Bragg scattering peaks but a blue phase variant or possibly a distinct

LC phase.
R — In order to study the
—iec| O Iso
nanostructure of the TB phase, we
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Figure 4.6.3: Reflection mode optical spectroscopy of a

25% CB15/CB7CB mixture

We filled the mixture into an untreated glass cell of thickness
23 um, placed it into the optical path of the spectrometer. The
reflectance is calculated from the transmitted intensity
normalized to 1.0 as measured in the isotropic phase of the
mixture at 84.0°C. On cooling, a shoulder develops at smaller analyze the observed periodicities in
wavelength and becomes broader on further cooling into the

BP* phase. On further cooling to 48.4°C, the reflectance at the FFTEM images [128] (see section
higher wavelength increases dramatically, while the reflectance

at lower wavelength does not change. These plots were 492) We show a histogram
smoothed by adjacent averaging over 100 points to remove

noise from the data.

phase of CB7CB[59,85] (Figure

4.6.5a). We use a statistical method to



132

distribution of the measured periodicities for 25% CB15/CB7CB in Figure 4.6.4b. Quenching 1°C
below the BP* — TB transition temperature, we see a somewhat broad, skewed peak in the
distribution with the maximum value at ~8.4 nm. Quenching 6°C below the BP* — TB transition
temperature, we find a very broad distribution of periodicities from ~7 — 13 nm with no clear peaks.
Quenching 21°C below the BP* — TB transition temperature, we observe a relatively well-
localized peak in the measured periodicities centered at ~8.4 nm. The appearance of the 8.4 nm
peak at higher temperatures is likely a manifestation of the FFTEM quenching process, in which
some TB domains relax to the ground state pitch found at low tempeartures, in this case ~8.4 nm.
The breadth of the distributions is a consequence of a number of factors, including a combination
of real TB pitch variation at high temperature due to enhanced fluctuations, and the geometric
effects described in section 4.9.1. The behavior that we see in Figure 4.6.5b is expected based on
RS0XS measurements of neat CB7CB [70], in which the pitch distribution broadens on increasing
temperature, then tightens somewhat very near the N — TB transition when many of the TB
domains have melted (Figure 4.9.3). On comparing the expected periodicity of 25% CB15/CB7CB
with that of 25% 5CB/CB7CB [128], we find that both mixtures exhibit a peak at ~8.4 nm at low
temperature. In this case, FFTEM indicates that the addition of the chiral CB15 plays no role in

significantly altering the nanostructure of the TB phase as compared to the addition of 5CB at 25%.
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We performed RSoXS experiments on a 25% CB15/CB7CB mixture to measure the TB

pitch directly and shed some light on the structure of the higher temperature BP* phase. We

scanned the incident x-ray photon beam energy about the carbon K-edge after discovering a

scattering arc to confirm that the scattering was indeed resonant in nature. Figure 4.6.5 contains

the results of an azimuthal averaging in ¢ of 2D diffraction images on heating, cooling, and

reheating a 25% CB15/CB7CB mixture. The sample had been heated to the isotropic phase for

several minutes while the cell was being constructed, then subsequently quickly removed from the

heat and maintained at room temperature until the measurement was taken ~12 hours later. At

room temperature, we observed a relatively sharp scattering arc in the 2D images at g ~ 0.07 A!

v | Figure 4.6.4: FFTEM image of a
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histogram distribution of measured
periodicities at several quenching
temperatures in the TB phase.

(a) The FFTEM images exhibited
periodic topographical modulations in

| the replica which are

indistinguishable from those observed
for CB7CB and its mixtures with
5CB, implying that the TB helix
structure is essentially unchanged on
doping CB15 with respect to doping
with 5CB. (b) Histograms of the
measured periodicities of the mixture
at three temperatures. The broad peak
at ~84 nm in the distribution of
periodicities seen at 45°C is also

1 exhibited down to 25°C. At T'=40°C,
1 however, the distribution is broad, as

we would expect for a TB phase of
CB7CB and its mixtures near the TB

| transition temperature. At 7' = 25°C,

the peak at ~8.4 nm is sharper. The 8.4
nm peak here is also present in the
25% 5CB/CB7CB (Figure 4.9.7),
indicating that the TB helix pitch is

1 not altered measurably by the chiral
1 dopant CB15.
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(» ~ 9 nm). The arc migrated toward smaller ¢ as the cell was heated, with the peak area decreasing
continuously with temperature. The scattering disappeared at 41.2°C but reappeared after heating
up to 53.9°C and waiting several minutes, presumably when the BP* forms from the cholesteric
phase. The scattering peak was observed at g ~ 0.045 A™!, or p ~ 14 nm, which is a significantly
larger pitch than was observed in 25% 5CB/CB7CB or any other mixtures of 5CB with CB7CB
measured with RSoXS (p < 12 nm) [128]. On cooling from this point, we observed the scattering
peak area increase at fixed g, after which it remained relatively constant while the peak position
shifted to larger g. The scattering arc returned to nearly the same position as on initial heating
when the sample was cooled to 35.4°C. On reheating, the scattering arc followed nearly the same
behavior as on the cooling run. However, at ~40°C the arc began to develop multiple peaks and to
decrease in intensity. Even on heating up to 58°C this time, a very diffuse scattering was present
but with an intensity that was only barely detectable. Comparing these results to a 25%
SCB/CB7CB mixture ( [129], section 4.3) yields similar conclusions as those obtained by FFTEM:
20°C below the N — TB transition, 25% 5CB/CB7CB exhibits a pitch ~8.8 nm, whereas 20°C
below the BP* — TB transition, 25% CB15/CB7CB exhibits a pitch of ~9.0 nm. The pitch of the
25% 5CB/CB7CB mixtures reaches ~8.5 nm at room temperature as measured by RSoXS, and the
FFTEM of 25% CB15/CB7CB shows that the 25% CB15/CB7CB mixture exhibits a quenched
TB pitch equal to ~8.4 nm. The FFTEM measurement implies that cooling the 25% CB15/CB7CB
mixture below room temperature would cause the pitch to continue decreasing until reached ~8.4
nm. This behavior indicated a very good agreement between the two experimental methods which

implies that the 25% CB15/CB7CB mixture exhibits no distinguishable nanoscale structural



135

pitch (nm)

17 16 15 14 13 12 11 10 9
340_-“(“|)”I:]I|”tl.lln”II”IIII”IIlIIIII T T "I;' L_
330 4 (a) heating ~— i o
320 - 35.4°C '/‘ 24.9 C
310 4 ~_ /I a
300 2 41.2°C - il ]

; 290 1 T T T T T T T T T T T T T T T T T T T u’ T V\u T T T |_I_:’¢_'[_I_I_I_|f_l—-_
8 700 (b) cooling M\ \<—35.4°C -
> 600 B
» 5004 53.9°C T L
& 400 -
£ 300 == [

600 - (c) reheating

500
100] 58.0°C

300 —— -
0.035 0.040 0.045 0.050 0.055 0.060 0.065 0.070 0.075

q (A7)

Figure 4.6.5: RSoXS observed on heating, cooling, and re-heating a 25% CB15/CB7CB mixture.

1D plots of 2D detector images created by azimuthally averaging them to find the magnitude of ¢g. (a) At
room temperature in the TB phase, we observe a peak corresponding to scattering from the TB helix. On
heating, the peak shifts to smaller g, as is the trend for neat CB7CB. On approaching the cholesteric — TB
transition from below, the intensity of the scattering decreases smoothly, until it is nearly undetectable at
~41°C. (b) We observed scattering on maintaining the temperature at 54°C. On subsequent cooling, the
scattering peak became more intense, then shifted to larger ¢g. (c) On subsequent reheating, the scattering
peak decreased more slowly than the initial heating. Up to 58°C, we observed some extremely diffuse
scattering.

difference from the 25% 5CB/CB7CB mixture. This indicates, again, that the molecular chirality
of CB15 is not appreciably coupling to the structural chirality of the TB helix or influencing its
structure.

The scattering that we observe on cooling appears well into the higher temperature phase
of the 25% CB15/CB7CB mixture. On heating, we would presumably observe no scattering in the
cholesteric phase in this g-range. Permitting the mixture to settle at ~54°C for several minutes
apparently encouraged the growth of the BP* or TB phase from the cholesteric. However, it is

difficult to image how a ~10 nm orientational modulation in the BP* phase would produce the
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strong optical activity observed in the PLM by uncrossing the polarizers, as the optical rotation is
proportional to p3/A* for 1 > p and would contribute virtually negligibly to the observed intensity
in the optical regime [201]. It is not clear that a blue phase-like nanoscale configuration like those
described in ref. [195] would give the optical properties that we observe in the PLM either. At the
moment, it appears more likely that we are observing the TB phase at high temperature where the
cholesteric presumably resides, the appearance of which we cannot explain at present. It is difficult
to determine the nature of this BP* phase, but we can say with some certainty that it is not a

conventional classical blue phase.

In summary, on studying mixtures of the rod-shaped chiral dopant CB15 with the bent,
flexible LC dimer CB7CB, we find that at relatively low concentrations of CB15 we can induce a
phase that has some properties of blue phases but is markedly distinct. We find no evidence that
the TB phase in the mixtures is distinct or homochiral, however. Optical textures of the TB phase
in the mixtures exhibit uniaxial domains which are aligned at large angles from the rubbing,
implicating a surface electroclinic effect. Evidence for conglomerate domains even at the highest
CB15 concentrations indicate that the TB phase remains enantiomorphic. The BP* phase exhibits
no clear optical Bragg scattering, indicating a distinction from the classical blue phases. It would

be interesting to further investigate the BP* phase and determine its true nature.
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4.7. DIFFERENTIAL TRANSMISSION OF CIRCULARLY POLARIZED RESONANT X-RAY

LIGHT BY LC PHASES WITH HELICAL SUPERSTRUCTURES

The cholesteric phase exhibits selective reflection of circularly polarized light of
wavelength equal to the pitch of the helix (typically 300 — 1000 nm). Because resonant soft-x-ray
scattering (RSoXS) of LCs behaves in many ways as optical birefringence in PLM [172], it may
be possible to observe selective reflection of circularly-polarized resonant x-ray light from
nanometer-scale helical structures in various LC phases. We investigated LC materials exhibiting
three different superstructural helices: the helical nanofilament (HNF), the cholesteric phase (N*),
and a conventional blue phase (BP*). We find evidence of differential transmission of left- and
right-handed circularly polarized resonant x-ray light in these materials to varying degrees, a

promising result that merits further investigation.

In all of our samples, we created a silicon nitride sandwich cell by melting a small amount
of sample onto one substrate and laying a second substrate on top of it. The sample then cools and
adopts its preferred surface anchoring. When creating a cell with CB7CB in this way, we find it
adopts random planar anchoring, causing the TB helices to be randomly oriented in the plane of
the cell. We therefore generally anticipate random planar anchoring in the following materials, and
we find scattering features which corroborate this. We irradiated the samples with circularly-
polarized x-rays of either handedness at the carbon K-edge. We arbitrarily denote each polarization
as ‘+’ and ‘-~ and search for differential scattering since can cannot independently determine
whether we have left- or right-handed circularly-polarized light at present. Determining the

absolute handedness of each will require a dedicated experiment in the future.
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Figure 4.7.1: Circularly-polarized RSoXS of three
different LC materials with helical superstructures.
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A mixture of CB15 in CB7CB
(40.7% CBI15 by weight) exhibited a
cholesteric phase when heated slightly
above room temperature (Figure 4.7.1).
On the incidence of a linearly s-polarized
(horizontal) x-ray beam, the randomly
planar-aligned cholesteric phase produces
two circular scattering arcs peaked at a ¢
value corresponding to the helix half-pitch
(p/2 =160 — 110 nm on heating). In the
random-planar aligned cholesteric phase,
maximal scattering occurs when the x-ray
polarization is normal to the helix
direction and minimal for polarization
along the helix (perpendicular to the
molecular long axis) (Figure 4.7.1),
leading to the particular scattering pattern.
When we apply circularly-polarized light
of ‘+’ handedness, the scattering increases
significantly compared with the s-
polarized incident beam, and the
scattering feature is nearly circular (since

the circularly-polarized light scatters
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equally from different orientations of domains). The ‘—” handedness of light, however, affects no
increase in intensity with respect to the s-polarized incident light. This demonstrates a clear
differential behavior of left- and right-handed circularly-polarized light in this sample.

The 50% mixture of HOBAMBC in NOBOW forms the helical nanofilament (HNF) phase
at room temperature and is known to exhibit an effectively 100% enantiomeric excess of left-
handed HNFs [202]. On irradiating the sample with s-polarized light, we observe the two circular
scattering arcs, as in the cholesteric material (Figure 4.7.1), indicating random planar anchoring of
the HNFs in the cell. On applying the ‘+’ handedness of circularly-polarized light, the intensity
increases significantly. Applying the ‘-’ handedness, the signal is nearly identical to that of the ‘+’
handedness, indicating no appreciable differential treatment of left- and right-handed circularly-
polarized light in this case.

The 55.3% mixture of CB15 and E44 exhibits a conventional blue phase near room
temperature. This blue phase is a 3D cubic fluid composed of double-twist cylinders (see section
1.1.3) which form 3D crystallites that are randomly oriented in this sample. We therefore expect
to observe a variety of scattering features corresponding to the various crystal planes which satisfy
the Bragg condition, as we see. On application of s-polarized incident light, the sample exhibits a
collection of scattering arcs, with minima along the polarization direction (horizontal) and maxima
perpendicular to this (vertical) (Figure 4.7.1), for the same reasons as for the cholesteric phase. On
applying the ‘+> and ‘—’ handedness of circularly-polarized light, the scattering arcs become
circular, with the intensity of the peaks in both cases increasing by about the same amount.
Interestingly, each scattering peak appears to respond independently to changing the sign of the

handedness of the incident beam. Only more experiments will elucidate this strange behavior.
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In summary, we demonstrate a distinctive differential transmission of left- and right-
handed circularly-polarized light in a cholesteric phase, with less clear results for the HNF and
blue phase samples. Definitive demonstration of differential transmission of left- and right-handed
circularly polarized x-ray light would permit the probing of the structural handedness of samples
at the nanoscale, either to demonstrate homochirality in a TB or other LC phase of a single
handedness or to possibly induce homochirality in a susceptible sample. It would be useful for
investigating helical and chiral structures as we do with optical light, but for nanoscale structures

such as those found in the TB phase.
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4.8. RSOXS oF CB7CB AT THE NITROGEN K-EDGE

To this point, LC researchers have only used the resonant soft x-ray scattering (RSoXS)
technique at the carbon K-edge to probe LC order and structure [70,121,129,130]. However,
RSoXS may be used to investigate the inner core electron resonances of other atoms, including
nitrogen, oxygen, or fluorine. This would potentially permit the resolution of various different
kinds of orientational ordering in a single phase. For example, the carbon K-edge tends to exhibit
a single large peak which is an average of excitations into the many carbon-bonded subgroups of
CB7CB. However, the nitrogen atoms in CB7CB are located at the ends of the arms and encodes
the orientation of the individual rigid arms of the molecule. Although we expect no different
ordering when probing the carbon K-edge or the nitrogen K-edge in the TB phase of CB7CB, there
may be phases with complex ordering which can benefit from such distinction. Here, I demonstrate
RSo0XS at the nitrogen K-edge in the TB phase of CB7CB.

At room temperature, I checked for the RSoXS signal from CB7CB at the carbon K-edge.
When I found a region with significant scattering, I scanned about the nitrogen K-edge (~400 eV)
and observed scattering (Figure 4.8.1a). When plotting the scattering peak area against the beam
energy(Figure 4.8.1b), we observe two prominent peaks near the nitrogen K-edge along with
additional fine structure which is very similar to that found in a near-edge x-ray absorption fine
structure experiment on 8CB using the nitrogen K-edge [203]. Utilizing the K-edge resonances of
other atoms may reveal additional structure in the orientational ordering of various LC phases that

may change the paradigm of their understanding.
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Figure 4.8.1: RSoXS of the TB phase of CB7CB at the nitrogen K-edge.

(a) An RSoXS detector image of CB7CB at the nitrogen K-edge. When the beamline energy is scanned
about the K-edge resonance (~400 eV), we observe resonant scattering from the TB phase of CB7CB. (b)
A plot of the area under the scattering peak in scattering as a function of beamline energy.
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4.9. FFTEM AND THE TB PHASE

4.9.1. Initial experiments on the TB phase

Driven of the success of the freeze-fracture transmission electron microscopy (FFTEM)
method in illuminating the nanoscale structure of many LC phases [52,53], our group carried out
FFTEM experiments on the TB phase. In 2013, the Boulder [59] and Kent State University [85]
groups demonstrated independently that it is possible to observe the nanoscale modulation of the
TB phase using FFTEM. While our determination of the TB pitch was obtained from focal conic
defects, the Kent group pointed out that in rare cases they observed anomalously small TB pitches
in their sample. They could not explain this but suggested they may be regions with molecules of
different conformation existing in the sample contributing to this [85]. Despite this, the Kent group
determined the length scale of the TB pitch to be ~8 — 9 nm. The unresolved experimental issues

with FFTEM kept it from quantitative usage beyond this.
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Figure 4.9.1: Geometrical effects in an FFTEM experiment of a sample with a 1D modulation.

The blue arrow is the viewing direction which represents the direction of the incident beam in the TEM.
(a) When the helix axis % is normal to the viewing direction, the measured periodicity d is the true
periodicity p of the material. (b) When % is not normal to the viewing direction and the fracture plane
contains A, then d < p. (¢) When # is not normal to the viewing direction and the fracture plane does not
contain / but is normal to the viewing direction, then d > p.
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After our initial study was published [59], we realized that there was a distribution of TB
pitches in a single FFTEM sample. We subsequently recognized that geometrical effects may tend
to yield measured FFTEM periodicities which are shorter or longer than expected (Figure 4.9.1).
These effects surely contributed to the observations of anomalously small periodicities by the Kent
group [85]. With these considerations in mind, we implemented a statistical approach to measuring
the FFTEM images of the TB pitch, helping us to quantify FFTEM measurements and to take these

geometrical effects into account.
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4.9.2. Quantitative characterization of FFTEM images via the FFTEM statistical

method

I implemented a statistical method for quantitatively investigating FFTEM images in the
TB phase which considers many FFTEM images and weights their measured periodicities to
determine the probability or frequency of observing a given pitch on the entire replica. In this way,
we could characterize the pitch in a sample and fix the procedure we used so that it could be
reproducible for others.

The methodology is as follows: we measure the pitch within a given TB domain by taking
a spatial Fourier transform of a region of uniform periodicity (Figure 4.9.2) and record its area to
use as a weighting factor. This process is carried out for each TB domain in each of many images
(~30 —50) and the data are plotted in a weighted histogram. The majority of the fracture area will
exhibit a pitch value which corresponds very nearly to pts, with a distribution around this value
which is due to the geometrical effects described in the previous section. This is because our thin
film samples (~10 um) tend to fracture in the plane of the film in our FFTEM experiments (the
fracture surface is mostly flat). But geometrical effects do contribute some anomalous values to

the observed distribution. See Figure 4.9.2 for an example of how we implement this method.
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Figure 4.9.2: Example of the FFTEM statistical method.

Above is a raw FFTEM image of CB7CB quenched at 90°C in the TB phase. The image contains four
distinct domains with a different periodicities and orientations of the TB helix axis. First, we partition the
image into individual domains over which the pitch does not change significantly. We then perform a
spatial Fast Fourier Transform (FFT) in each region. The FFT of each region exhibits peaks or arcs
corresponding to the local periodicity and helix orientation. We then use a peak-finding function to
reproducibly measure the FFT image and determine the pitch value. We then measure the real-space area
of the domain over which we determined the pitch. We now have a set of data which includes 4 pairs of
measurements: a periodicity and a corresponding area. We perform these steps for many images. We may
then carry out a conventional weighted average where the periodicity is weighted by its corresponding
domain area. We can plot these results as a histogram distribution. This FFTEM experiment on CB7CB
quenched at 90°C yields the highest frequency of measurements around 8 nm. Knowing that CB7CB
prefers to align in a random-planar configuration in an untreated clean glass cell, and that the fracture is
nearly horizontal in such a thin cell, we expect to observe a peak at the true pitch value, prs. The distribution
of observations in the near vicinity of the peak are likely due to the geometrical effects noted in Figure
4.9.1. The small spurious peaks with longer period can be explained by a real softening of the pitch
structure, which was definitively measured using RSoXS (section 3.2.5). At low temperature in the TB
phase, these peaks disappear (Figure 4.9.3).
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4.9.3. FFTEM of the LC phases of CB7CB

Using this statistical methodology, we measured the temperature dependence of the pitch
of CB7CB with FFTEM (Figure 4.9.3). When we quench CB7CB at 99°C, just below the N — TB
transition, we measure a broad pitch distribution which exhibits prominent peaks at ~8 nm and ~9
nm, but with a tail that extends out to ~13 nm. On further cooling, this tail becomes smaller, until
only a single peak centered around 8 nm remains at room temperature.

The presence of the significant tail at elevated temperatures in the TB phase was a mystery
until we performed resonant soft x-ray scattering (RSoXS) on CB7CB. We now know that this

distribution of periodicities at high temperatures represents the real behavior of CB7CB [70]: a
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Figure 4.9.3: FFTEM images of CB7CB quenched from the isotropic phase and histogram
distributions of TB pitch at five temperatures.

On quenching CB7CB from 200°C using copper planchettes, (87°C above the clearing point), we find some
domains which are amorphous (a) and some which contain well-oriented TB modulations of ~8 nm spacing
(b). (c) Distribution of periodicities in neat CB7CB as a function of quenching temperature, with the
measured pitch range obtained by RSoXS at the given temperature overlaid as a pink bar.
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spatial and temporal variation of the pitch at high temperature due to increased fluctuations in the
TB helix and domain pinning.

In 2013, the Boulder group reported FFTEM results from CB7CB in the nematic phase, as
well as in the TB phase [59]. These FFTEM images showed a lack of periodic modulations in the
N phase, demonstrating that the quenching process was quick enough to be able to distinguish the
two phases in FFTEM. However, subsequent experiments in the N phase of CB7CB revealed many
periodic modulations throughout the cell. To check our procedure, we even elevated the
temperature to the isotropic phase, believing this would surely be a high enough temperature that
we would not encounter periodic modulations, as the CB7CB would have to pass through two
different phase transitions during the quench. Indeed, we could still observe the periodic
modulations associated with the TB phase, albeit only filling ~50% of the fracture surface (Figure
4.9.3a,b). Even switching from glass planchettes to copper planchettes to improve heat transfer
across the cell still yielded a fracture surface filled with TB modulations. I performed the following
investigation to determine the efficacy of our procedure in studying the TB phase and other fluid
phases.

We began by performing experiments on CB7CB in glass planchettes in which we targeted
each of its LC phases and quenched them in liquid propane as we do in our FFTEM experiments
(Figure 2.2.2). We then placed the quenched sample into a chilled microscope to determine what
happened during the quench (Figure 4.9.4). We found that before and after quenching the TB phase
at room temperature, we observed very little difference in the PLM textures (Figure 4.9.4a,b).
However, quenching from higher temperature in the TB phase and from the nematic and isotropic

phases of CB7CB, we found significant differences in the textures (Figure 4.9.4c-h), indicating
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significant change in the nanoscale morphology in the post-quenched state from the pre-quenched

state.

Figure 4.9.4: PLM images of CB7CB before and after quenching in liquid propane.

We cooled glass planchette cells filled with CB7CB to the desired temperature under the microscope, took
an image of the texture (“before quench” column), then quenched the cell in liquid propane. We then
reduced the temperature of the microscope stage to ~130 K, placed the cell back under the microscope, and
observed the textures (“after quench” column). (a) 76°C below the N — TB transition, the phase exhibits
disordered stripe textures in an untreated glass cell. (b) After rapidly quenching the cell, we recover a
texture and birefringence similar to that in (a), except that thermal contraction leaves cracks in the sample.
() 0.1°C below the N — TB transition, we observe the blocky textures of the TB phase. (d) After quenching,
we do not recover the original texture, but one similar to that observed in (b). (¢) 0.1°C below the I - N
transition, the nematic is mostly homeotropic. (f) After quenching, the cell has more birefringence. Based
on FFTEM experiments in this temperature range in which we observed TB modulations, a significant
fraction of this cell must be filled with the TB phase. (g) 87°C above the clearing point of CB7CB, we
observe a featureless isotropic sample. (h) After quenching, we find grainy birefringent textures coexisting
with some dark regions. Based on FFTEM experiments in this temperature range in which we observe
large, micron-scale domains with 8 nm modulations and a comparable number of amorphous domains,
these grainy domains must be made of the TB phase, while the dark regions are either isotropic or nematic.
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Next, we quenched the nematic and TB phases and maintained them at room-temperature
(Figure 4.9.5). We found clear indications of crystallization after ~10 minutes at room temperature.
This indicates the following: despite the fact that the quench does not reliably vitrify the isotropic

or nematic phases of CB7CB, the sample does not enter a crystal phase either. This observation

before quench in after quench, warm to after quench, warm to
liquid propane ~25°C (wait 1 minute) ~25°C (wait 10 minutes)
] S -

Figure 4.9.5: PLM images of CB7CB before and after quenching and after warming to room
temperature.

We bring glass planchette cells filled with CB7CB to the desired temperature under the microscope, take
an image of the texture (“before quench” column), then quench the cell in liquid propane (90 K). We then
place the cell back into the microscope stage, which is maintained at 25°C, and observe the textures after
1 minute and 10 minutes. (a) 76°C below the N — TB transition, we find a disordered stripe texture in the
untreated glass cell. (b) After quenching and subsequent warming to room temperature and waiting 1
minute, we find a similar texture to that in (a) but with air bubbles forming throughout the cell. These come
from cracks which form on thermal contraction of the phase during quenching which coalesce into bubbles
when the sample warms. (c) After 10 minutes, spherulitic crystal domains begin to grow. (d) 0.1°C below
the I — N transition, the nematic exhibits director fluctuations and characteristic Schlieren textures. (e) After
quenching and subsequent warming to room temperature and waiting 1 minute, we find that the texture
looks very different from (d), and there is a prominent crack in the glass from the rapid quenching. (f) After
10 minutes at room temperature, spherulitic crystal domains begin to grow at the edges of the sample.
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proves that the TB topographical modulations are in fact vitrified TB domains and not features of
a crystal phase.

To understand how quickly we quench our samples in FFTEM, I treated the quenching
system as a 1D transient heat flow problem as shown in Figure 4.9.6a. During quenching, the cell
is immersed in a ~2 cm diameter reservoir of liquid propane, which is maintained at 90 K by a
large liquid nitrogen reservoir. The thermal diffusivity of liquid propane at 90 K is
o ~ 107 m? s [204]), and that of glass and typical LCs at room temperature is o ~ 107 m? s~
11205,206]. We therefore assume that the whole cell is made entirely of a slab of thermal
diffusivity o = 1-107 m? s™!, and that it does not vary with temperature. We believe these to be
reasonable approximations given that the thermal diffusivity of glass increases by only ~25% from
300 K to 100 K, and that the LC sample makes up a small portion of the whole cell. Using this
information, I calculated the transient temperature and the average initial cooling rate at the center
of the LC (Figure 4.9.6b). The average cooling rate of the cell during the first second of quenching
is ~150 K-s! for 7i = 500 K, while it is ~75 K-s™! for 7; = 300 K. 5CB vitrifies at cooling rates
equal to or greater than ~0.02 K-s™!' [207], and MBBA vitrifies at cooling rates equal to or greater
than ~0.67 K-s™! [208]. The calculated cooling rates are quick enough to vitrify typical LCs like
5CB and MBBA but are apparently not quick enough to quench the isotropic or nematic phase of
CB7CB. Since the cooling rate for copper planchettes dropped into liquid propane is
~104 K-s™! [204], and to vitrify the isotropic phase to a glassy state we need to cool on the order
of ~100 K, we place an upper limit on the timescale of formation of micron-scale, well-oriented
TB domains in CB7CB at <10 ms. Therefore, it is best to rely on other experimental methods to
study the TB phase. It is also important to take care when performing FFTEM on nematics and

other phases which are expected to be very fluid.
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Figure 4.9.6: Modeling the transient heat flow in an FFTEM cell.

(a) Schematic of the FFTEM quenching geometry. The cell is immersed in a 2 cm wide reservoir of liquid
propane maintained at 90 K. The cell is composed of two glass substrates of thickness 100 um and 1.1 mm
respectively, with the LC in between. The entire cell is maintained at the starting temperature T; until it
contacts the liquid propane. We then calculate the temperature at the position of the LC film as a function
of time. (b) Temperature as a function of time for three initial temperatures of the cell.
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4.9.4. FFTEM experiments on mixtures of CB7CB and 5CB

A natural experiment to carry out to understand the variation of the nanoscale structure of
the TB phase is to make mixtures of CB7CB with a well-understood nematic guest, such as SCB.
Thus, we made eight mixtures of SCB and CB7CB of different concentrations and systematically
measured the helix pitch of the TB phase using FFTEM, quenching at a temperature ~10°C below
the N — TB phase transition. We then recorded dozens of FFTEM images of each mixture in the
TB phase. The mixtures exhibit the characteristic TB surface topography modulations.

We compared the pitch distributions of a series of mixtures of 5SCB and CB7CB to
investigate the concentration dependence of the observed periodicity (Figure 4.9.7a). We found
that the pitch does in fact depend on the SCB concentration. The pitch distribution shifts modestly
toward larger pitch values on increasing SCB concentration, from 8 nm in the x = 0 mixture to 9.2
nm in the x = 37.5 (where x is the weight fraction of SCB in CB7CB). This agrees quite well with
the corresponding RSoXS measurement (shown in pink bars in Figure 4.9.7). Interestingly, we
found that at concentrations above x = 50.0, the distribution in the observed periodicities broadens
dramatically and shifts to larger periodicity. This could be due to something exciting, such as a
novel phase transition in this system or a discontinuous change in the TB pitch, or something more
routine such as phase separation on quenching. We could not verify the behavior with RSoXS
because these mixtures form the TB phase below room temperature, and the RSoXS beamtime
was not capable of reaching these regimes at the time. This would be an interesting experiment to
carry out in the future.

We observed nanometer-scale modulations in all the mixtures until we reach

concentrations of x > 75.0. Even when this mixture is quenched at -20°C, a temperature which
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should correspond to the TB phase according to a binary phase diagram of the mixtures, we do not
observe clear nanometer-scale modulations in FFTEM.

Next, we used FFTEM to investigate the temperature-dependence of a 25% 5CB/CB7CB
mixture to discern any influence that the SCB may have on the TB pitch as a function of
temperature (Figure 4.9.7b). Just below the N — TB phase transition, we measured a very broad
distribution in periodicity, with values ranging from ~7 — 14 nm, likely due to enhanced
fluctuations in the TB helix at high temperature. Several degrees below the N — TB transition, the

periodicity tightens around p = ~8.5 nm. This behavior persists until 29°C, at which point the pitch

Figure 4.9.7: Weighted frequency of (a) 5CB/CB7CB mixtures B FFTEM
measured periodicities in 02 B RSoXS
5CB/CB7CB mixtures. ' x=0

(a) weighted distributions of the I
periodicities of several SCB/CB7CB 02|
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pitch increases steadily up to x = 37.5.
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distribution broadens once again. We attribute this behavior to the SCB in the mixture, since this
kind of peak spreading of the distribution at low temperature does not occur in the neat CB7CB
(Figure 4.9.3). This may be due to phase separation during the quench or crystallization in the

sample.
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4.9.5. FFTEM experiments on 50% mixtures of CB7CB and the nCBs

On varying the tail length of the nematic dopant in 50% nCB/CB7CB mixtures from n =5
to 8, we find only a very subtle apparent decrease in the periodicity of the distributions, as shown

in Figure 4.9.8.

a0 _ (a) —&— N-| transition (neat nCB)
—8— N-| transition (50% nCB/CB7CB)

—&— N-N; transition (50% nCB/CB7CB)
70 -

60:_ .\./_/—0\.

50 -

o =]

) -
T

—

2
=
T

probability of cbserving a pitch
length in an N;z domain
- :
N —
= B e -
o))
(@]
E o3)

Temperature (°C)

7CB
20 | ‘__——Ar-/"——‘ 01|

5 6 7 8 6 7 8 9 10 11 12 13 14 15 16 17 18 19
carbon tail number (n) pitch (nm)

8CB

Figure 4.9.8: Phase diagram and TB helix pitch distributions of 50% mixtures of nCB/CB7CB (n =
5 to 8) as measured by FFTEM.

(a) Binary phase diagram of 50% nCB/CB7CB mixtures and neat nCB indicate that the odd-even effect in
the I — N transition temperature of the nCB series is also present in the I — N transitions of the mixtures, but
not in the N — TB transition. (b) Measured helix pitch distribution as a function of carbon tail number 7 in
50% nCB/CB7CB mixtures. The pitch distributions of the mixtures are quite broad and show only a very
weak decrease in the TB pitch with increasing n.
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4.9.6. The role of FFTEM in studying the TB phase

With demonstrations of the usefulness of RSoXS, FFTEM has become a much less
desirable method of determining the TB pitch of an LC material. However, most research groups
do not have routine access to RSoXS, and FFTEM may be more readily available. FFTEM does
provide a relatively accurate measure of the low temperature, ground state TB pitch of a material.
This can provide a sense of the scale which can guide RSoXS experiments when they become

available.
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