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Pitch Measurements on Chirally Doped Ferroelectric Nematics
PATRICK JONSSON
Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract
Following the recent discovery of the ferronematic liquid crystal phase, it is im-
portant to explore the material’s properties as well as to devise methods of iden-
tification. In this report, an experimental method to measure the helical pitch of
the ferronematic material RM734 doped with a chiral dopant S811 by use of the
so-called circularly rubbed cell method is explored for the first time and compared
to other methods. The method utilises a cell of two substrates linearly and cir-
cularly rubbed of which the pitch is measured from the resulting deviation angle
of disclination lines induced by this particular geometry. The results showed that
the pitch in the polar ferroelectric phase behaved similarly to that of the non-polar
nematic phase but with a small change in magnitude at the phase transition to the
polar phase. Phase transition temperatures could also be determined and a negative
trend between the doping concentrations and transition temperatures for both the
isotropic to nematic and nematic to ferronematic phases was observed. Finally, a
first attempt was made at in-situ ultraviolet light-induced polymer stabilisation of
the ferronematic liquid crystal by use of photoreactive monomers mixed into the
liquid crystal. This attempt yielded inconclusive results as polymer stabilisation
was not observed, yet there seemed to be some adverse effects on the liquid crystal.
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1
Introduction

1.1 Background
The electro-optic effects of nematic liquid crystals have for many years provided the
basis for the multi-billion dollar liquid crystal display industry. Recently, the dis-
covery of previously speculated ferroelectric nematics - nematic liquid crystals with
spontaneous polarity - has attracted great interest for their potential applications
as well as fundamental physics. In order to understand and explore the potential
applications of this phase it is important to derive methods of experimental identi-
fication for potential ferroelectric nematics.
The basic nematic liquid crystal phase is a three-dimensional orientationally ordered
liquid. The average direction of the molecules is denoted by the director n and for
the nematic phase the director is invariant under sign reversal n = −n. The ne-
matic phase’s structure is well-studied and known to be non-polar [1]. However, in
2017 Nishikawa et al. [2] and Mandle et al. [3][4] discovered materials in which the
nematic phase did not display the characteristic sign invariance. These materials,
termed DIO and RM734 respectively, exhibited ferroelectric-like dipolar molecular
associations. In 2020, subsequent research by Sebastián et al. [5] and Chen et al.
[1] provided evidence that the phase in RM734 was indeed the ferronematic phase.
Since then, many chiral ferronematic materials have been synthesised and studied
[6]. Interestingly, there have been suggestions that the ferronematic phase should
spontaneously form a helix even if the molecules are not chiral [7].
Following this, in 2021, Rudquist [8] demonstrated a direct method for experimen-
tal verification of a ferronematic liquid crystal phase by use of a single sample cell
with two substrates linearly and circularly rubbed respectively. Determination of
the ferronematic phase could then be derived from the orientation of the resulting
disclination lines. In the report, Rudquist further suggested that in theory, the cir-
cularly rubbed cell method should be able to facilitate pitch measurements of the
chiral ferronematic phase.

1.2 Problem Statement
The purpose of this project was to determine whether pitch measurements could be
made on the ferronematic material RM734 doped with chiral dopant S811 by use
of the circularly rubbed cell method. Although other methods exist, the circularly
rubbed cell method is beneficial in that it works well at determining long pitches
at low dopant concentrations. The project aimed to investigate the nature of pitch
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1. Introduction

measurements and if such helical structures can be polymer stabilised. Investigation
of the nature of any potential pitch measurement strived to discover boundary con-
ditions as well as parameters of influence. Questions sought to be answered were;
what values of doping concentration will yield what pitch length? How can the
pitch be regulated by other means such as temperature? What happens in the low
concentration limit? These were parameters that were known for chiral nematics
but had yet to be confirmed for the ferronematic phase [6].

To keep the scale of the project appropriate for the time and resources available,
a few limitations were set. This included limiting the amount of pitch measuring
techniques to only the circularly rubbed cell method as well as only trialling a
select few doping concentrations of the RM734 and S811 dopant. Additionally, the
project did not investigate the effects that different concentrations of polymer on
the rubbed substrates would have on the pitch. Furthermore, it also left out any
endurance trials of the RM734 material to repeated switching between the nematic
and ferronematic phases. The most important limitation to bear in mind is that the
project only measured pitch on the RM734 material and not any of the other known
ferronematic materials. Thus it may be possible that the results of this material
are not representative of all ferronematic materials. Future work should aim to
investigate if the results from this study can be applied to other ferronematics.

1.3 Method
The circularly rubbed cell and polymerisation stabilisation methods used in the
project were in large part derived from previous research. The main focus has been
on applying these to the ferronematic material for the first time. The preparation
of the cells in the circularly rubbed cell alignment was done in accordance with the
technique developed by Suh et al [9] with the same manufacturing process as in
Rudquist’s [8] report. Polarised optical microscopy was largely used for the analyt-
ical work and a polymerisation attempt was made using a conventional ultraviolet
light-exposure method [10].

1.4 Key Results
The results of the project suggest that pitch measurements can indeed be made
on chirally doped ferronematic RM734 by use of the circularly rubbed cell method.
They further indicate a negative trend between the doping concentrations and phase
transition temperatures for both the isotropic to nematic and nematic to ferrone-
matic phases. Furthermore, it was found that thinner cells would result in a shorter
pitch. The results from the polymer stabilisation attempt were inconclusive as no
definitive stabilisation was observed, yet the sample did experience a change in its
disclination lines. Further inquiry into the stabilisation process is required.
The results obtained in this project have provided a deepened knowledge of the be-
haviour of ferronematic liquid crystals and identification methods, providing a basis
for which further investigations into the properties of ferronematics can be made.
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2
Theory

2.1 Liquid Crystals

Liquid crystals (LCs) are an intermediary state between the condensed phases of
crystalline solids and amorphous liquids. Molecular complexes in a solid are ordered
in both position and orientation, with the molecules constrained to occupy specific
positions and pointing their molecular axes in specific directions. In a liquid, on the
other hand, the molecules are disordered and free to diffuse randomly throughout
the material with the molecular axes rotating in every direction. LCs have lower
order and higher symmetry than a solid, yet a higher order and lower symmetry than
a liquid. This means that the molecules in a LC diffuse about as much as molecules
in a liquid, yet still maintain a degree of fluctuating orientational and sometimes
even positional order, as for instance in smectic (layered) phases. Important to note
is that the order of a LC is dynamic. This implies that the order of the LC is only
observable on average. In most LCs, there is only a slight tendency for molecules
to point more in one direction and to spend more time in one position than in
another. The tendency of the molecules to point in a general direction is known as
anisotropy (more on this in Section 2.3) and implies that the material’s properties
depend on the direction it is being measured in. These conditions allow LCs to
share properties of both solids and liquids of which they famously find their use in
the display industry [11][12].

2.1.1 Liquid Crystal Phases

Molecules of LC phases are usually rod-like, that is to say, one of the molecular axes
is longer than the other two. This type of system is known as the calamitic LC
phase. There are many calamitic LC phases but the three most prominent ones are
the nematic (N), smectic A and smectic C phases depicted in Figure 2.1. For these
phases, it is important that there is a certain level of rigidity over the core of the
molecule’s length in order to maintain an elongated shape for alignment interactions
and ordered packing. Many calamitic LCs belong to the thermotropic LC group,
where the phase is stable for certain temperatures. This category encompasses pure
compounds and mixtures of compounds. In contrast to this is the lyotropic LC
group. In this category, the molecules only form LC phases when mixed with a
solvent. For these compounds, the concentration of the constituent solvent solution
is more important than the temperature in determining the stable phase [11][12].

3



2. Theory

Figure 2.1: Schematic depiction of the molecular alignments for the nematic, smec-
tic A and smectic C phases.

2.1.2 The Nematic and Ferronematic Phases
Of the most prominent calamitic LC phases, the N phase is the most structurally
basic one. In this phase the molecular axes tend to point in one preferred direction
as the molecules undergo diffusion, there is no positional order. As mentioned
in Section 1.1, the average direction is known as the director n and is invariant
(n = −n) for the N phase since the preferred direction can be defined in either
direction. Crucially, this is not the case for the ferronematic (NF ) material as it
displays spontaneous polarity driven by the dipolar ordering of molecular dipoles in
highly polar materials, see Figure 2.2 [1].

(a) (b)

Figure 2.2: Schematic representation of the molecular arrangements in the (a)
nematic phase and (b) ferronematic phase, the molecular dipoles are indicated as
red arrows.
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2. Theory

The NF material in focus for this project is the calamitic compound 4-[(4-nitrophenoxy)
carbonyl]phenyl2,4-dimethoxybenzoate, better known as RM734, first synthesised
by Mandle et al [3][4] in 2017 and supplied by the Boulder Group and University
of Stuttgart. The exact mechanisms behind the NF phase in RM734 are still am-
biguous and uncertain. Mandle et al. and the Ljubljana group performed a series of
physical studies in which they subsequently claimed that the phase is locally polar,
but that on the macroscopic level, it is splay nematic; a modulated phase that is
stabilized by local director splay [5][13][14][15]. However, in a following study Chen
et al. [1] were unable to confirm the splay N phase. Instead, the study concluded
that when cooling RM734 from the higher N phase temperature, the material would
undergo a transition to a uni-axial N phase that is ferroelectric (the NF phase).

The mechanisms behind the NF phase in RM734 are not within the scope of this
project, but it should be noted that the results presented here are more in alignment
with the report by Chen et al. and that the splay nematic explanation would
complicate the reasonings presented in this report.

2.2 Defects, Disclinations and Deformations
Typically, a liquid crystal contains many defects. These are points, lines or sheets
in the sample in which the director is undefined, this means that the direction of
the orientational order discontinuously changes when passing through one of these
defects. Line defects, known as disclinations, are the most common defects to occur
in liquid crystal samples and are of great significance to this project [16].

Figure 2.3: Director configurations of three different types of disclination patterns.
The grey areas show the dark bands that are observed when viewed under crossed
polarisers. The crossed polariser directions are represented by the red arrows.

The director configuration for some disclinations are shown in Figure 2.3. If S is the
strength of the disclination, then when S is positive, the director undergoes a coun-
terclockwise rotation when making a counterclockwise path around the disclination.
If S is negative the director makes a clockwise turn when going counterclockwise
around the disclination [11][16].
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2. Theory

When a LC undergoes mechanical stress there are three deformations that can be
considered; splay, twist and bend. These are curvature deformations of the director
field and are coupled to an elastic free energy density. Schematic depictions of these
deformations are shown in Figure 2.4.

Figure 2.4: Schematic of the molecules in splay, bend and twist deformations.

2.3 Anisotropy and Birefringence
One of the most characteristic features of a LC material is that they are anisotropic,
this means that the properties of the material depend on the direction as opposed to
isotropic (Iso) materials, where the properties of a material are identical in all direc-
tions. For any material, light entering will experience a decrease in its wavelength
and velocity by a factor known as the index of refraction. In an isotropic material,
the index of refraction has a single value. However, since LCs are anisotropic, mea-
surements on the refractive index will instead give different results depending on the
direction in which it is being measured along. Thus anisotropy in LCs affects the
propagation of light through the material resulting in varying indices of refraction
known as birefringence. The ability of LCs to exhibit birefringence is crucial for the
material’s optical behaviour and is of great importance in industrial applications
[11][17].

2.4 Polarised Optical Microscopy
There are a multitude of different techniques and equipment used to perform re-
search on liquid crystals. Some of these techniques probe the liquid crystal material
itself whereas other techniques investigate the physical properties of the material.
Polarised optical microscopy (POM) is a probing technique of particular interest for
this project as it enables the observation of the LCs birefringence and is perhaps
one of the most universal techniques used in liquid crystal laboratories.

The POM is very similar to traditional microscopes in function and composition
but possesses an analyser above the objective and a polariser beneath the rotatable
stage, see Figure 2.5. The POM is also often accompanied by a heating/cooling
unit connected to a hot stage that is placed on the rotatable stage. The LC sample
placed between the crossed polarisers is in a temperature-controlled environment,
and as such the POM makes it easy to measure the temperature at which phase
transitions occur.
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2. Theory

Figure 2.5: Schematic of a polarising transmission light microscope.

The POM is useful as when viewed between crossed polarisers, the LC will appear
dark anywhere the director or projection of the director is orientated in parallel to
the transmission axis of one of the polarisers, in all other orientations the LC will
be bright and achieve its brightest state when the director is perpendicular to the
optic axis along the viewing director [11].

2.5 Liquid Crystal Displays
Liquid crystal displays (LCDs) are the most prominent use of LCs. In a typical
LCD cell, the equilibrium state is determined by the boundary conditions of the
two substrate cells and the elasticity of the LC. In the N phase, the rubbing at
the two surfaces, whether parallel or antiparallel, will produce non-twisted director
fields as depicted in Figure 2.6a) and b). If the cell is twisted, that is to say, the
rubbing directions are not colinear and at angles other than 0◦ or 180◦, there will
be a director twist between the surfaces [18]. The NF phase exhibits fundamentally
different director fields when the rubbing directions are antiparallel. In the NF phase,
the molecules will align with the spontaneous polarisation parallel to the rubbing
direction [19]. The consequence of this is that in the antiparallel configuration, the
director will experience a 180◦ twist between the surfaces, Figure 2.6d), with an
equal affinity for left or right handed twist. For the parallel orientation there will be
a non-twisted state similar to the N phase, Figure 2.6c). In the twisted alignment,
the NF phase should adopt the handedness with the smallest twist matching the
rubbing [20].
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2. Theory

Figure 2.6: Schematics showing molecular arrangement of N phase in a) parallel
and b) antiparallel rubbing giving rise to a non-twisted structure. In the NF phase
the polarisation aligns with the rubbing direction causing c) non-twisted structure
in parallel rubbing and d) left or right-handed twist in the structure for antiparallel
rubbing.

2.5.1 Cholesteric Liquid Crystals and Pitch

If the LC molecules that make up the material are chiral (lack of inversion or reflec-
tion symmetry) they will possess a director that rotates in a helical fashion about
an axis perpendicular to the director as depicted in Figure 2.7. This type of phase
is known as the cholesteric liquid crystal phase since many of the first compounds
that possessed this phase were derived from cholesterol. Due to their chirality, they
are sometimes also referred to as the chiral nematic phase (N*).
The variation of the director tends to be periodic and the distance along the helical
axis for the director to rotate by 360◦ is known as the pitch (p). The pitch of a N*
phase can be as short as 100 nm and the structure repeats itself every half pitch
due to the director invariance. Mixing left and right-handed versions of the same
chiral dopant in different concentrations will change the dominant handedness of
the pitch. A racemic mixture possesses an infinite pitch [11].
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2. Theory

Figure 2.7: Structure of a chiral nematic phase. The distance along the helical
axis for the director to fully rotate 360◦ is known as the pitch.

2.5.2 Circularly Rubbed Cells

Circularly rubbed cells (CRCs) are a technique used to measure the cholesteric
pitch of LCs with a homogeneous circular geometry developed by Suh et al [9]. The
technique determines the pitch from the angular deviation of the disclination line
created by the geometry. The CRC consists of two rubbed glass plates placed parallel
to each other, one of which is unidirectionally rubbed (UR) and the other which is
circularly rubbed (CR). The principal concept in use with this technique is that LC
molecules on a treated surface will tend to align along the rubbing direction. This
means that on the UR surface, the molecules will align along the rubbing direction
whilst on the CR surface they will form concentrically around the centre of rubbing.
Therefore, as the molecules align along the rubbing directions, there will occur twist
deformations in the cells. Some of which will produce disinclination lines that will
be characteristic of their phase [8][9].

2.5.3 Pitch in Circularly Rubbed Cells

Consider a CRC filled with a N LC with no chirality as schematically shown in Figure
2.8a). Note here that the top plate is UR and the bottom plate is CR, henceforth
this will be the convention for all cells. Alongside the y-axis, there is no twist in the
molecular director as the molecules on both the UR and CR surfaces are aligned
with the x-axis. However, at all other positions of an angle θ to the x-axis, there
will be a uniformal twist in the director by an angle of π/2 − θ when going from the
UR to the CR surface. In the case considered the direction of the twist, clockwise
or counterclockwise (right and left-handed respectively), are equally probable and
the y=0 (rubbing axis) separates the two twist domains which will appear as a
disclination line [9].
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(a) (b)

Figure 2.8: Schematics showing twist deformations of nematic LC in a CRC when
viewed from the top and pitch is a) infinite and b) finite. The top plate is UR and
the bottom is CR.

Now consider the CRC filled with a doped cholesteric LC of a pitch p, with helicity
in the counterclockwise direction (p<0). As shown in Figure 2.8b), the counter-
clockwise twist has lower elastic energy and as a consequence, the two domains of
opposite twist will no longer meet at the rubbing axis. Instead, a plane at an angle
θ from the rubbing axis acts as the symmetry plane where the disclination line will
appear. The molecules are rotated (π/2 − θ) clockwise in one region and (π/2 + θ)
counterclockwise in the other. Thus, the variation of the pitch will be reflected in
the angle of the deviation that the disclination line has from the rubbing axis. It is
worth noting that if the pitch is negative, this will be reflected in a negative devia-
tion angle about the x-axis.

The relationship of the disclination deviation angle and the pitch is obtained from
the elastic free energy (f) as follows [9]:

f =
∫ d

0
K2(

δϕ

δz
− q)2dz (2.1)

where K2 is the elastic twist constant, ϕ the azimuthal angle of director twist from
the rubbing axis, z the axis normal to the surface of the cell and q = 2π/p. At
fixed temperatures the pitch is constant, thus when under no external fields δϕ/δz
is uniform and f can be rewritten as:

f = K2(
ϕT

d
− q)2d (2.2)

where ϕT is the total azimuthal angle of twist from one surface to the other and d
is the cell gap. If it is assumed that the disclination line makes an angle θ to the
rubbing axis, then the molecules on either side should have the same free energy
when in equilibrium. If the system is unbalanced, the disclination line should move
to reach a stable equilibrium condition. Since ϕT = θ + π/2 and ϕT = θ − π/2 when
clockwise and counterclockwise respectively, then:
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2. Theory

(θ + π/2
d

− q)2 = (θ − π/2
d

− q)2 (2.3)

which in turn yields the relationship between the disclination line’s deviation angle
θ and p:

θ = 2πd

p
(2.4)

Worth noting is that the angles θ and θ + nπ, where n is an integer, although
corresponding to two different pitches will display the same apparent position of the
disclination line. As such, integral multiples of π rotations are indistinguishable from
each other and cannot be uniquely determined. Therefore the amount of rotations
that the disclination line has experienced in the cell is of importance. This is fairly
straightforward for the case when θ < 2π and the pitch is large. But is more difficult
when θ >> 2π and the pitch is very small. In the case of this, a thinner cell must
be used.

2.5.4 Pitch in the Ferronematic Phase
Consider now the same cell, but filled with LC of the NF phase instead. Since the
polar NF phase orients with the polarisation along the rubbing directions, there will
be a non-twisted director where the UR and CR rubbing directions are in parallel.
When moving clockwise or counterclockwise from this location, there is a twist that
increases continuously down to the opposite end where the rubbing directions are
antiparallel. At this position there is a discontinuous change in twist between the
right and left-handedness, giving rise to one disclination line as opposed to the two
in the N phase. This NF disclination line is therefore normal to the linear rubbing
direction as opposed to along the rubbing direction in the N phase.

(a) (b)

Figure 2.9: Schematics showing twist orientations of CRC when viewed from the
top and filled with a) pure ferronematic and b) doped ferronematic LC molecules.
The top plate is UR and the bottom is CR.
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Following this, in theory, when the NF material is doped with a chiral dopant the
NF phase CRC should behave similarly to that of the N phase CRC in that the
disclination line will appear at a deviation angle θ as in Figure 2.9b). The pitch
would then be calculated from Equation 2.4.

2.6 Polymer Stabilisation
Polymer stabilisation is a method used to stabilise the structure and properties
of a LC [10]. Polymer stabilised liquid crystals (PSLCs) are generally formed by
dissolving a small amount of an anisotropic and photoreactive molecule into a LC
matrix. The spontaneous LC order is then transferred to the mixture and once
oriented into the desired state the molecules are polymerised through irradiation
with ultraviolet (UV) light. The resulting polymer network is then a stable structure
of the LC phase it was formed in. This project uses Ciba Irgacure 651 photoinitiator
as the photoreactive molecule and RM82 as the LC matrix. Note that here the "RM"
in RM82 stands for "Reactive Monomer" and not "Richard Mandle" as in RM734.
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Method

This chapter describes the fundamental methods and experimental techniques used
in the project. Whilst most of these techniques were already established methods
utilised in previous studies, they had not yet been fully realised for the NF phase
[8][9][10]. The project was essentially divided into three stages; cell fabrication,
microscopy and polymer stabilisation. The CRCs were first manufactured before
observation could be done under the microscope. Following this, an attempt at
polymer stabilising the cells was made.

3.1 Cell Fabrication
This project had extensive use of the CRC method as described in section 2.5.3 and
these were purpose-built for the sake of this project. The general workflow for the
manufacturing and analysis of these cells is outlined in Figure 3.1:

Figure 3.1: Workflow for the manufacturing of CRCs used in the project, the ma-
genta and yellow stages represent work inside and outside the cleanroom respectively.

3.1.1 Substrate Preparation
To begin with, the CRCs were prepared from 1.1 mm thick 3x3 inch soda-lime glass
substrates coated on one side with an 80 nm thick layer of Indium Tin Oxide (ITO).
The preparation of the substrates took place in the MC2 cleanroom at Chalmers
University of Technology with the hopes of providing a dust-free environment that
minimised eventual contamination of the substrates, thus improving the accuracy
of the results. Before the substrates were prepared, identification of the ITO sides
was required as it would not be possible later on in the preparation stage. This
was easily done by checking for the presence of a current with an Ohmmeter as the
ITO side would be conductive. Once confirmed the substrates were loaded onto a
carrier with the ITO sides facing one direction for easy identification. This carrier
of substrates was cleaned in a megasonic bath. The bath was first filled with 2 L
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of deionised (DI) water before 1.2 L of 25 wt% ammonia was added. After this, a
further 2 L of DI water was added followed by 1.2 L of 30 wt% hydrogen peroxide
(H2O2) and then a final dose of 2 L DI water. The substrates were placed onto an
8 cm high "table" at the bottom of the bath and ran on a preset program for 10
minutes, four times. The settings for this program are listed in Table 3.1.

Power 100
Tset 70
Tmin 50
Tmax 75

t 600 s

Table 3.1: Power, temperature and time settings for the preset program used in the
megasonic bath.

Between each run, the carrier was washed with DI water in quick dump and rotated
90◦ so as to clean the entire substrate properly. The cleaned substrates were then
dried in a centrifugal rinser dryer and baked in an oven at 110 ◦C for approximately
one hour.

3.1.2 Polymer Preparation, Application and Brushing
The polymer was prepared from a preparation of 0.5% solution of PI2610 polyimide
in Dimethyl Sulfoxide (DMSO), which had been mixed together for 3 hours. The
polymer solution was spin-coated for 30 seconds at 5000 rpm with an acceleration of
2500 rpm/s onto the ITO side of the cleaned glass substrates. After which they were
heated for 1 min at 100 ◦C on a heating plate to remove any remaining solvent. The
substrates were then placed on a grooved Al plate which underwent hardening in an
oven at 300 ◦C for approximately 3 hours. The oven was first heated to 250 ◦C as it
was prone to overshooting the target temperature during heating. After hardening,
the substrates were cooled to room temperature before the brushing process on the
buffing machine. Brushing was done with a velvet cloth of 12 cm in diameter at
1000 rpm with a speed of 30 mm/s, for 2 brushing passes. The buffing machine
only yielded substrate plates with the UR alignment as it lacked the configuration
required to produce CR plates. These substrates were instead rubbed by a velvet
cloth attached to a flat spinning chuck, which was delicately pressed against the
substrate. This setup is essentially a drill with velvet cloth replacing the drill point.
Due to the rudimentary nature of this equipment, the rpm and pressure applied
were difficult to control and so varied from plate to plate but nevertheless yielded
an effective CR alignment. Throughout both the UR and CR process, the direction
of rubbing is noted on the plates by use of markers.

3.1.3 Cell Assembly
With the CR and UR plates rubbed accordingly, they were glued together to com-
plete the CRC cell. This took place back in the cleanroom on a modified Stepcraft
210 desktop system self-assembly kit. A mixture of Norland optical adhesive 68 glue
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and 1.5 respective 4 µm glass spacers was dispensed onto the rubbed ITO side of
the UR plates with the pattern depicted in Figure 3.2a). This pattern yielded 25
manageable 12.5x12.5 mm cells with cell thicknesses of 1.5 and 4 µm respectively.

(a) (b)

Figure 3.2: Schematics showing a) the glueing pattern of the cells on the substrate
plates and b) the scribing patterns on the glueing pattern, the red and yellow lines
representing two separate layers.

The UR and the CR plates were then aligned and pressed together with the ITO
sides facing each other on a Ciposa aligner and assembler, 4 seconds of UV exposure
provided temporary hardening. The assembled substrate was then vacuum sealed
in a plastic bag by a vacuum packer and placed in a UV illumination box for 10
minutes for a more permanent hardening. After hardening the assembled substrate
plates were cut into the 25 cells as set by the glueing pattern. This involved a simple
process of scribing lines onto the cell surface with a diamond-edged point. The lines
were then cracked open. An important step in this process was to scribe the opening
sides of the cell in such a way that there is a "step" in the cell as shown in Figure
3.3.

Figure 3.3: Schematic cross-section of the CRC cells. The grey circles represent
spacers, bear in mind that these only exist in the glue and are not mixed in with the
LC medium.

This was done by scribing the top and bottom substrate plates slightly offset to each
other on the opening sides of the cell. See the horizontal yellow and red lines in
Figure 3.2b).
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Figure 3.4: Image of a finished CRC cell, here the top and bottom cells are UR
and CR respectively. The green arrow indicates the direction of the UR substrate.

Figure 3.4 shows an image of a finished CRC with the top and bottom substrates
UR and CR respectively as per this project’s convention. Also seen in this figure is
the step in the cell which was used for loading the doped RM734 powder as will be
discussed in the following section.

3.1.4 Doping and Filling
The RM734 material was doped with the chiral dopant S811 purchased from Merck
in order to induce chirality to the material. The project aimed to trial multiple
concentrations to investigate the effect the doping concentration had on the pitch.
As such, an initial batch was made with 8.9 wt% doping concentration. This was
then diluted to make the smaller concentrations that were tested.
At the start of the project, access to the RM734 material was limited (perhaps only
200 mg available) and as such mixing low concentrations of RM734 and S811 with
high accuracy proved difficult since extracting singular grains of powder was almost
impossible. Therefore, the concentrations tested were randomly acquired. Weighing
the materials took place in their powder state and was done on a thin glass plate
with a folded piece of tape as a handle for transporting the sample. A small amount
of 8.9 wt% doped batch material was placed on the glass plate and weighed on a
scale. Pure RM734 was then added in rough amounts to dilute the concentration to
a lower figure. The two powders were then mixed together in their liquid isotropic
phase on a heat plate before being allowed to cool back down to the powder state.
Table 3.2 shows the doping concentrations that were tested in this project for both
the 1.5 and 4 µm thick CRCs.

The relative error in the weighing process was calculated from:

∆e

e
= ∆m

m
+ ∆w

w
(3.1)

where e is the relative error, m the weight and w the losses from handling of the
material. For the 8.9 wt% batch concentration, a total of m=0.009 g of RM734 and
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S811 material was used. The scale had an absolute error of ∆m=0.0001 g=∆w and
if eventual losses in the handling of the material were estimated to w=0.001 g, then
the relative error was roughly 11% in the weighing process.

Cell thickness (µm) Doping Concentrations (wt%)
4 0 0.9 2.4 3.0 3.3 4.9 6.3

1.5 0 0.9 2.0 2.2 3.0 - -

Table 3.2: Concentrations of chiral dopant S811 in RM734 for both the 1.5 and
4 µm thick CRCs that were tested.

Filling of the CRCs were similarly done at the isotropic phase. The CRCs were
placed on a heater and heated to the temperature at which RM734 was isotropic, at
around 190 ◦C [20]. The doped RM734 materials, in powder form, were then placed
on the step of the CRCs, as depicted in Figure 3.3, upon which they would melt.
Through capillary force interaction, the cells were filled with the doped material.
This final step concluded the preparation of the CRCs with doped RM734 material
and they were then ready to be observed under the POM.

3.2 Microscopy
Observation of the cells was done with a POM (see Section 2.4) and a hot stage. The
filled CRC was placed inside the hot stage and positioned under the POM objective,
between the analyser and polariser. The CRC was then heated to 190 ◦C as the
starting temperature. It was then cooled down at a predetermined cooling rate. In
this case, 20 ◦C/min was primarily used for determining the rough value of the phase
transition temperatures and 0.6 ◦C/min was used for more precise measurements.
The phase transition temperatures for the cooling process were measured for all
concentrations of both CRC thicknesses as listed in Table 3.2. For this study, the
transition from the Iso to N phase was calibrated to when the first sets of nematic
"droplets" appeared. The N to NF phase was determined to occur when the LC
area first began to display disturbance and the disclination lines began to move
towards the NF configuration [21]. This was at times difficult to determine exactly
as it depended entirely on judgment by the eye and the disclination line’s movement
could be very slow. It is due to this that the slower 0.6 ◦C/min rate was used so
that the transition would not be missed.
7 doping concentrations were measured for the 4 µm thick CRC and 5 for the 1.5
µm, see Table 3.2. Only the 0 and 0.9 wt% doping concentration were measured for
both the 1.5 and 4 µm thick cells in order to calibrate the method and to determine
handedness. To measure the pitch, the samples were cooled to a set temperature
and images of the resulting disclination lines were taken with the system’s camera.
The rubbing axis was used as the starting point for measuring the angle of deviation
θ that the disclination lines made. The pitch could then be calculated according
to Equation 2.4. To begin with, the disclination angles were measured for the 1.5
µm thick CRC and the pitch was calculated. These pitch values were then used
to predict the expected deviation angle for the 4 µm thick CRC which was then
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confirmed experimentally. Here, the problem of calibration arose as it appeared
that the disclination lines had performed an integer multiple of π rotations, see
Section 2.5.3. Therefore corrections had to be made by adding half rotations to the
angles obtained.

3.3 Polymer Stabilisation
As a final point, an attempt to polymer stabilise the LC in the CRC by using a
photoreactive dispersion and UV radiation as described in Section 2.6 was made.
For this, 10.1 wt% of Ciba Irgacure 651 photoinitiator in RM82 was prepared as the
photoreactive solution. This solution was then further mixed with pure RM734 to
a concentration of 4.2 wt% photoreactive solution in RM734. Following this, and
similarly to the main body of work in this project, the 4.2 wt% solution was loaded
onto a CRC on a heater and filled by capillary force. It was then placed on the hot
stage and heated to a specified temperature. Once this temperature was reached
and the disclination line reached its equilibrium position, the heater was moved to,
and exposed to UV light from a Leica UV lamp (for fluorescence microscopy). The
exposure lasted for 15 minutes upon which it was then returned to the POM for
analysis.
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4
Results

This chapter presents and examines the results obtained from the study in three
parts; the identification of phase transition temperatures, the measuring of the pitch
from the deviation angle of disclination lines and finally the results of the polymer
stabilisation attempt.

4.1 Phase Transition Temperatures
Using the method mentioned in Section 3.2 and the parameters set by it, the phase
transition temperatures for the Iso-N and N-NF transitions were identified. Figure
4.1 shows the plotted trends of transition temperatures for different doping concen-
trations acquired for the 1.5 and 4 µm thick cells.
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Figure 4.1: Plots of the phase transition temperatures for different concentrations
of S811 doped RM734 in the a) 1.5 µm and b) 4 µm thick CRC. The blue and red
plots represent the transition from Iso to N and N to NF respectively.

As can be seen, there is a negative trend for the phase transition temperatures as
doping concentration increases. In general, all of the doped RM734 samples were
observed to have lower phase transition temperatures than in RM734’s pure form
(Iso-N=189 ◦C and N-NF =133 ◦C). This is in line with other studies and is to be ex-
pected when mixing a material of lower phase transition temperature with one that
has a higher [6][22]. Specifically, Feng et al. [6] have reported similar phase transi-
tion temperatures as observed here, although the values obtained in this project are
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slightly lower on average compared to Feng’s study.
Furthermore, in both the 1.5 and 4 µm CRCs, the 0.9 wt% concentration does not
follow the negative trend and has a lower phase transition temperature than the
higher doping concentrations. Whilst the explanation for this discrepancy could be
that the low concentration has some physical effect on the material, it should be
noted that this concentration was made from a different batch of RM734 material
and as such there could be slight differences in the manufacturing quality.
Another outlier in the negative trend lies with the 2.4 wt% doping concentration
for the 4 µm CRC. This point is much higher than expected, but this is likely to
be because of an error in the dopant weighing. It is possible that the concentration
was inadvertently mixed incorrectly or had been contaminated. Therefore, repeated
measurements should be made to achieve higher accuracy. Also worth noting is that
for both the plots of CRC thickness, the transition temperatures of the 8.9 wt%
batch concentration have been omitted as in this concentration the N-NF transition
could not be determined. This is because the material began to crystallise before it
could reach the NF phase or that the phase was destabilised at this dopant concen-
tration.

In both thicknesses, the difference in the temperature interval between the Iso-N
and N-NF phase transition temperatures remained relatively constant between con-
centrations, maintaining an average interval of 58.5 ◦C. Thus, increasing the doping
concentrations causes the phase transition temperatures to be lowered by a relatively
equal factor, that is to say, the relationship is linear. Furthermore, it is observed
that the thinner CRC has slightly lower transition temperatures, of about 5 ◦C, com-
pared to that of the thicker cell.

Finally, phase transition temperatures were only measured for cooling down of the
sample and not for heating up. This distinction needs to be made as it was observed
throughout the experiment that the N-NF phase transition occurred at higher tem-
peratures when heating up as opposed to cooling down of the LC. Similar observa-
tions were made in the report by Feng et al. [6] however, this project did not further
investigate this phenomenon and focused on the cooling down sequences.

4.2 Pitch Measurements
Figure 4.2 shows a complete cycle of cooling for the 1.5 µm CRC filled with 0.9
wt% S811 in RM734, the top cell is UR. As expected, the disclination lines behave
similarly to that of prior studies [8][9]. In the N phase the disclination line rotates
at a deviation angle away from the rubbing axis as the temperature decreases. In
this case, it moves counterclockwise. Once the N-NF transition temperature is
met, the two N disclination lines come together and form one NF disclination line
roughly at the normal to the N phase’s disclination lines. Following this comes the
first significant result; when the temperature continues to decrease after the N-NF

transition, then as theorised, the NF phase disclination line continues to make a
counterclockwise turn as the temperature continues to decrease. Thus the pitch can
be calculated from the deviation angle in the NF phase.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.2: Images showing disclination lines of 0.9 wt% doped 1.5 µm CRC at
different temperatures a) 170 ◦C, b) 150 ◦C, c) 130 ◦C, d) 120 ◦C, e) 115 ◦C, f)
105 ◦C, g) 95 ◦C and h) 85 ◦C for the cooling down of the cell. The white arrows
indicate the disclination lines movement.
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In many of the cells, the disclination line begins to bend the further away from the
core of the cell the line is. A reason for this could be that the CR rubbing only
took place on a small portion in the middle of the cell. This would mean that the
rubbing effect is weaker at the outer edges of the rubbing and thus the effect is less
pronounced.

Furthermore, the NF phase disclination line is noted to be jagged and "z" like in its
appearance, this is similar to the disclination lines found in antiparallel cells and are
representative of antiparallel domains [20].

4.2.1 Calculations and Observations
Consider now the results for the N case depicted in Figure 4.3a), which shows a
1.5 µm thick CRC filled with 0.9 wt% S811 in RM734 at 170 ◦C as obtained from
the experiment. In accordance with the method, the angle is measured from the
deviation to the rubbing line and the pitch is calculated from Equation 2.4. In this
case, the angle of deviation is 103◦, which means that the molecular directors at
either side of the disclination line make either a 193◦ or 13◦ rotation, see Figure
4.3b). For this deviation angle, the pitch is calculated to be roughly 5.2 µm and is
left-handed.

(a) (b)

Figure 4.3: Figures showing a) 1.5 µm thick CRC filled with 0.9 wt% S811 in
RM734 at 170 ◦C showing disclination line, image captured by the POM camera.
b) Schematic representation of the POM image showing the director twist in the
molecules.

Similarly, this process is repeated for the NF phase. Figure 4.4 shows the same cell
but at 120 ◦C. Now, the angle of deviation is 105◦ resulting in a pitch of 5.1 µm
that is left-handed. The molecular directors on either side of the disclination line
would make either a 285◦ or 75◦ rotation.
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(a) (b)

Figure 4.4: Figures showing a) 1.5 µm thick CRC filled with 0.9 wt% S811 in
RM734 at 120 ◦C showing disclination line, image captured by the POM camera.
b) Schematic representation of the POM image showing the director twist in the
molecules.

These measurements and calculations are performed for all the different temperature
intervals tested and the results are presented below in Table 4.1. For further details
regarding the angle measurements see Figure A.1 in the Appendix.

T (◦C) Observed Angle (degrees) p (µm)
170 103 5.2
150 114 4.7
130 116 4.7
120 105 5.1
115 107 5.0
105 110 4.9
95 111 4.9
85 113 4.8

Table 4.1: Table showing the obtained deviation angles of the disclination lines and
pitch for the 1.5 µm CRC at different temperatures of 0.9 wt% doping.

Here it is seen that the disclination angle decreases with increasing temperature,
leading to an increase in the pitch. Just like the transition phase temperatures, the
pitch values obtained here are similar to that obtained by Feng et al. at about 5 µm.
Although this project is the first to measure the NF pitch by use of the CRC method.

The resulting pitches of the 1.5 µm CRC are used to predict the deviation angles of
the 4 µm CRC. These are then compared to the actual observed values, the results
for which are listed in Table 4.2. For further details see Figure A.2.
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T (◦C) Predicted Angle (degrees) Observed Angle (degrees) p (µm)
170 275 43 6.5
150 304 53 6.3
130 309 46 6.4
120 280 8 7.7
115 285 16 7.3
105 293 21 7.2
95 296 26 7.0
85 301 29 6.9

Table 4.2: Table showing the predicted and observed deviation angles as well as
resulting pitch for the 4 µm CRC at different temperatures of 0.9 wt% doping.

The observed angles are vastly different from the predicted ones, however, this could
potentially be explained if the assumption is made that the molecules are undergoing
additional half rotations in the 4 µm cell. Recall Section 2.5.3 where it was stated
that "the angles θ and θ + nπ, where n is an integer, although corresponding to two
different pitches will display the same apparent disclination line". Bearing this in
mind, if a correction is made by adding a rotation of 180◦ or 360◦ to the observed
results the predicted and observed angles will match each other significantly better.
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Figure 4.5: Plot of the predicted, observed and corrected disclination line angles in
the 1.5 and 4 µm CRC.

Figure 4.5 shows the values obtained in Tables 4.1 and 4.2. As can be seen, when
corrected with 180◦ the resulting deviation angle matches the predicted 4 µm angle
much better than the observed one. It is also a better fit than the 360◦ correction by
a small margin. However, it needs to be addressed that the cell gap d may actually
be smaller than what is given by the glass spacers. This is because the vacuum
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sealing may forcefully cause the UR or CR cells to slightly bend inwards. Thus, if
the cell gap is chosen to be 1.3 and 3.8 µm instead of 1.5 and 4 µm respectively.
Then the results indicate that the 360◦ correction is a better fit to the predicted
angles. These trends are mimicked in the pitch calculations.
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Figure 4.6: Plots of the calculated pitch values from the observed and corrected
disclination angles of the 1.5 and 4 µm CRC at different temperatures.

In Figure 4.6 the plots for the calculated pitches from the observed and corrected
disclination lines are presented. These results indicate an increase in pitch as the
temperature increases. There is, however, a sudden drop in pitch as the material
enters the NF before the pitch increases once again. Here, the 360◦ correction is
the best fit from the start as it is closest in value to the 1.5 µm pitch. In this case,
correcting for the spacers only results in an even better fit.
However despite this, for both the cell thicknesses, the predicted pitch and disclina-
tion angles are still relatively far off from the observed ones. One could speculate
that the explanation for this may come from a study by Khachaturyan [7] who pre-
dicted that the NF phase could spontaneously form a helix. If the dipole interactions
in the NF phase affect the pitch, then it could be expected that there is a larger
difference between the pitches of the N and NF phases.

A final point worth noting is that for cells where the deviation of the disclination
line is larger than π/2, there is no longer any right-handed twist in the cell, that is to
say, the helix is left-handed. This was a recurring phenomenon in the experiments
conducted, the left-handed twist became dominant over the right-handed as the
director rotation increased. The effect of this twist can be seen with the POM, as
the darker regions diminish due to the increased twist of the director. This effect
is more pronounced for the concentrations tested above 0.9 wt%. In these cells, the
director twist is too large for accurate measurements on the pitch to be made since
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the director rotates more than 180◦. As can be seen in Figure 4.7 the large twist
results in no dark regions of complete extinction in the CRC when viewed in the
POM as the molecules never make the small twists required for complete darkness.

Figure 4.7: POM image of a 1.5 µm CRC filled with 3.0 wt% S811 in RM734
under crossed polarisers at 170 ◦C.

4.3 Polymer Stabilisation
The results of the polymer stabilisation are surprising as contrary to expectations,
the UV-treated LC does not conclusively exhibit stabilisation. Yet there are indica-
tions that there is some disturbance to the LC sample, although the reason for this
remained undetermined.

(a) (b)

Figure 4.8: POM images of 1.5 µm CRC filled with pure RM734, Irgacure 651
and RM82 at a) 150 ◦C and b) 110 ◦C before UV exposure.

Obtained in Figure 4.8 are the POM images of a 1.5 µm CRC filled with a mixture
of pure RM734, Irgacure 651 and RM82 at 150 ◦C and 110 ◦C before UV exposure.
As can be seen, the cell displays the characteristic N and NF disclination lines at
the corresponding temperatures. By exposing this cell to UV light at 150 ◦C. The
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cell should in theory be stabilised at the N phase and remain displaying these discli-
nation lines when cooled down to the NF transition temperature.

But this is not the case, as can be seen in Figure 4.9. After UV exposure, at 150 ◦C
the cell still exhibits the N disclination line as expected. However, when cooling
down to the NF the sample does not remain in the N phase as it should if it were
successfully stabilised. Instead, it begins to form an incomplete NF disclination
line. As is evident in Figure 4.9b) the disclination line begins to take a NF shape
before abruptly making an orthogonal turn along the rubbing direction. The line
also displays the antiparallel jagged "z" line as previously seen in the doped CRCs
but not in the pure RM734.

(a) (b)

Figure 4.9: POM images of 1.5 µm CRC filled with pure RM734, Irgacure 651
and RM82 at a) 150 ◦C and b) 110 ◦C after UV exposure.

The reasons for why polymer stabilisation does not occur here are unknown, however,
there are a few suggestions. The first of which is that there is simply an insufficient
amount of UV photoinitiator used and that a higher concentration is required in
order to achieve polymer stabilisation. It is also possible that the UV exposure
simply missed the sample completely, as it was hard to accurately select the area to
be exposed. Furthermore, it is also possible that the sample was not exposed at the
right temperature, as the UV exposure inadvertently heats up the sample. Finally,
polymer stabilisation may not have occurred because the polymer may have moved
to the surface or the monomer may have been separated from the mixture. There
was unfortunately not enough time to further explore this behaviour of the polymer
stabilisation in this project.
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5
Conclusion

In conclusion, this project has explored and for the first time, successfully performed
pitch measurements on the NF phase by use of the CRC method. The method is
still unrefined and there are issues with accuracy, but further development is likely
to improve this aspect. The effects that chiral dopant S811 has on the NF material
RM734 have also been investigated. The results of the experiment have shown
that similarly to the N phase, the NF disclination line in a CRC twists around the
rubbing axis and that pitch can be calculated from the resulting deviation angle
by means of Equation 2.4. The resulting pitch is in accordance with previous pitch
measurements performed using other methods. However, the CRC method opens
up the possibility of measuring long pitch at much lower doping concentrations. The
results have further provided evidence supporting previous studies of the negative
trend in doping concentration and phase transition temperatures of chiral dopant
S811 and RM734. Furthermore, it was observed that the pitch in the CRCs increases
with temperature and with cell thickness. Finally, it was seen that as the material
reaches the N-NF phase transition the pitch experiences a sudden drop in length
before increasing again.
Further research is necessary to confirm if the results of this experiment are case
specific to the RM734 material or if they can be applied to all other NF materials.
Future research should also focus on the effects of varying the cell gap and using even
smaller and more accurate doping concentrations. Testing of higher photoinitiator
concentrations for the polymer stabilisation attempt should also be made.
Nevertheless, the results from this report reveal the intriguing properties of NF LCs
and provide a new method for pitch measuring, of which further investigation into
NF LC materials can be made.
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A
Measurements of Deviation Angles

This appendix show POM images of the CRCs and how the deviation angles for
them were obtained.

(a) (b)

(c) (d)

(e) (f)
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(g) (h)

Figure A.1: POM images of the 1.5µm CRC filled with 0.9wt% doping concentra-
tion at different temperatures a) 170 ◦C, b) 150 ◦C, c) 130 ◦C, d) 120 ◦C, e) 115 ◦C,
f) 105 ◦C, g) 95 ◦C and h) 85 ◦C. The dotted red line is the rubbing axis and the
green line is an approximation for the disclination line. Using the circular protractor
the angle is measured.

Figure A.1 shows the measurements for the 1.5 µm CRC of which the results were
presented in Table 4.1. Figure A.2 shows the measurements for the 4 µm CRC of
which the results were presented in Table 4.2.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

Figure A.2: POM images of the 4µm CRC filled with 0.9wt% doping concentration
at different temperatures a) 170 ◦C, b) 150 ◦C, c) 130 ◦C, d) 120 ◦C, e) 115 ◦C, f)
105 ◦C, g) 95 ◦C and h) 85 ◦C. The dotted red line is the rubbing axis and the green
line is an approximation for the disclination line. Using the circular protractor the
angle is measured.
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