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Abstract
Phytantriol is an amphiphilic lipid capable of self-assembly. It exhibits
a range of mesophases including a bicontinuous cubic phase, which is stable
in excess water. The cubic phase has potential applications in soft matter,
such as cubosome carriers for drug delivery, and as a template for creating
hard matter, such as its use as scaffolding templates in electrodeposition. Key
to these applications is ion transport through the mesophases, which is the
subject of this thesis. Ion transport is determined by physical specifics of the
mesophases such as nanostructure geometry, domain boundaries, and Debye
length. The study of ion transport therefore, can shed light on the mesophases
themselves.
This thesis presents experimental studies of the conductance of phytantriol
mesophases and their lyotropic and thermotropic phase transitions. In addition, a method to investigate how conductance through phytantriol is affected
by strain is presented and demonstrated. The conductance of the various
thermotropic and lyotropic mesophases, along with their respective transitions, have been compared by continuous conductance measurements with varying hydration and temperature. Simultaneous imaging with cross-polarized
microscopy enabled the confirmation of transitions to and from optically anisotropic phases. Both discontinuous and continuous changes were observed
across transitions, reflecting their structural reconfiguration. Unexpectedly,
it is shown that the conductance of the inverse micellar phase can become
comparable to the lamellar phase. Also unexpected was the observation of a
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birefringent hysteretic phase not reported in previous literature, based on studies restricted to the steady state. While these measurements provide a global
comparison between mesophases, there are restrictions to interpretation due
to the physical complexity of the system. The remainder of the thesis focuses
on the Q224 phase, which is stable in excess water and most relevant to known
potential applications.
Four-probe electrical measurements on a micropore filled with Q224 phase
provided accurate conductivity values and show that transport is reduced by a
factor of 30-40 compared to bulk solution. The effect of temperature and high
electrostatic bias were also investigated. By increasing the temperature, it is
shown that a transition to the HII phase can be induced, leading to a switch
in resistivity. With large electrostatic bias, if the Q224 phase is applied as an
asymmetrical deposit, it is shown that the deposit can be deformed also leading
to a different resistance, demonstrating that the resistance can be electrically
switched.
An experimental set-up was developed in order to investigate the effects of
stress and deformation on the ion transport of the cubic phase. A size variable
pore is used in order to apply strain to the mesophase material. Upon changing
pore size, the cubic phase exhibits transient behaviour showing positive and
negative piezoresistance. The negative piezoresistance is up to 4 times greater than the expected resistance due to changing pore geometry. When the
pore is stretched slowly by small increments, the behaviour can be compared
against an open pore and the data suggest that the meso-phase conducts more
with stretching. With further development ion transport and a size variable
pore could be used to measure the electro-rheological response of mesophase
materials.
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Glossaries, Constants and Mathematical
Variables
Acronyms:
HII - Inverse hexagonal mesophase
Lα - Lamellar mesophase
L2 - Inverse micellar mesophase
Q224 - Inverse double diamond cubic mesophase
Q230 - Inverse gyroid cubic mesophase
AC - Alternating Current
CA - Chronoamperometry
CE - Counter Electrode
CV - Cyclic voltammetry
D - Double diamond surface
DC - Direct Current
DSC - Differential Scanning Calorimetry
G - Gyroid surface
NMR - Nuclear Magnetic Resonance Imaging
P - Primitive cubic surface
PDMS - Polydimethylsiloxane
PET - polyethylene-terephthalate
PTFE - Polytetrafluoroethylene
RE - Reference Electrode
SAXS - Small Angle X-ray Scattering
SCE - Saturated Calomel Electrode
SE - Sensor Electrode
TPMS - Triply Periodic Minimal Surface
TPU - Thermoplastic polyurethane
WE - Working Electrode
Constants:
ε0 - permittivity of free space (8.854×10−12 F·m−1 )
e - Charge of an electron (1.602×10−19 C)
F - Faraday constant (96485 C·mol−1 )
kB - Boltzmann constant (1.381×10−23 J·K−1 )
NA - Avagadro Number (6.022×1023 mol−1 )

viii

Math Variables:
Chapter 2:
η - Viscosity (kg·s−1 ·m−1 )
κ - Conductivity (S·m−1 or Ω−1 ·m−1 )
λ - Wavelength (m)
λ0 - Limiting molar conductivity (Ω−1 ·m−1 ·mol−1 )
λmol - Molar conductivity (Ω−1 ·m−1 ·mol−1 )
λi - Ion conductivity for species i=+ or i=- for cation or anion (Ω−1 ·m−1 ·mol−1 )
µi - Mobility of ion of species i (m2 ·V−1 ·s−1 )
ω - radial frequency (rad·s−1 )
Φ - Phase angle (rad or ◦ )
ψ - Electrostatic field strength (V·m−1 )
θ - Diffraction angle (◦ )
A - Area (m2 )
a0 - Cross-sectional area of lipid head group (m2 )
Ci - Concentration of ions of species i (mol)
CS - Molar concentration of solution (mol)
d - Distance between crystal lattice planes (m)
Di - Diffusion coefficient for species i (m2 ·s−1 )
E - Electrical potential (V)
E0 - Standard electrical potential (for redox reaction) (V)
f - Friction coefficient (unitless)
G - Conductance (S or Ω−1 )
I(t) - Alternating current (A)
I0 - Peak current for AC potential (A)
J - Flux of ions in solution (mol m−2 ·s−1 ))
l - Length (m)
lC - Length of lipid chain
m - Diffraction order (unitless)
O - Inverse cell constant (m)
P - Packing parameter (unitless)
r - Hydrodynamic radius of ion (m)
T - Temperature (◦ C)
t - time (s)
v - Volume of lipid chain (m3 )
V (t) - Alternating potential (V)
V0 - Peak voltage for AC potential (V)
vi - Velocity of species i where i=+ or i=- for cation or anion (m·s2 )
Z - Electrical impedance (Ω)
Z 00 - Imaginary component to electrical impedence (Ω)

ix

Z 0 - Real component to electrical impedence (Ω)
zi - Charge of ion of species i (unitless)
Chapter 3:
χ - Euler characteristic (unitless)
ΦD - Debye Length (m)
εr - Dielectric constant for solution (F·m)
ϕlip - lipid volume fraction (unitless)
a - lattice parameter (m)
A0 - Fractional surface area per unit cell (unitless)
dl - lipid bilayer thickeness (m)
dw - water layer thickness (m)
Llip,U - Length of un-frustrated lipid chain (m)
Llip - lipid chain length (nm)
r - radius of water channel (m)
Chapter 4:
D - Diffusion coefficent (m2 ·s−1 )
d - Distance of phytantriol droplet edge from electrode gap (m)
n - Hydration (fractional water content)
noffset - Initial hydration of pure phytantriol
n0 - Maximum hydration of phytantriol (fractional water content)
nb - Hydration of lyotropic phase boundary ( fractional water content)
t - time (s)
Chapter 5:
κ - Conductivity of solution or material inside pore (S·m−1 or Ω−1 ·m−1 )
E - Electric field strength (V·m−1 )
G - Conductance (S)
I - Current (A)
L - Pore Length (m)
r - Pore radius (m)
R - Resistance of pore (Ω)
V - Voltage (V)
Chapter 6:
α - Strain, fractional or percentage, (unitless)
∆R - Fractional change in resistance (Ω)
γ - Strain, fractional or percentage, (unitless)
γ0 - Maximum Strain Amplitude (unitless)
κ - Conductivity of material inside pore (S·m−1 or Ω−1 ·m−1 )

x

ω - Frequency (Hz or rads−1 )
ρ - Resistivity (Ωm)
σ - Stress (Pa)
τ - Relaxation time (s)
A - Constant value (unitless)
a - Constant value (unitless)
A - Cross-sectional area of pore (m2 )
a0 - Constant intercept value for fit (unitless)
a1 - Constant linear term for fit (unitless)
a2 - Constant quadratic term for fit (unitless)
G00 - Loss Modulus (Pa)
G0 - Storage Modulus (Pa)
I - Current (A)
I0 - Current after relaxation (A)
l, L - Length of pore (m)
r - Pore radius (m)
r0 - Radius of relaxed pore before stretching (m)
t - time (s)
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Chapter 1
Introduction
Mesophases are ubiquitous in the world around us, present in nature, including our bodies. They are becoming of increasing scientific interest as their
mesophase nanostructures and properties can be manipulated and modified
for technological applications.
Phytantriol, a mesophase forming lipid, has potential applications in drug
delivery[1–6] and materials science[7–10] for a number of reasons. It forms a
cubic mesophase structure that is stable in excess water which provides a template for the electrochemical deposition of nanostructured materials[8, 10]. In
addition it is possible to form nanoparticles of the cubic phase called cubosomes
[11, 12] which can be loaded with drugs and inserted into the body as phytantriol is also biocompatible[1, 2, 13–18]. Cubosomes allow for the sustained
release of drugs due to the confinement and tortuosity provided by the phase
nanostructure[4–6, 16, 19–22]. In addition, a change in temperature[9, 17, 18]
or pH [3, 21, 23, 24] can allow for transitions between mesophases with more
or less efficient drug or ion transport.
Investigating the transportation of ions, compounds, or drugs through
mesophases is key for developing their application. It can shed light on the fun-
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damentals of their formation and how each phase modifies transport. There are
different methods available to investigate transport properties. Recent investigations into the mesophase of phytantriol have focused on diffusion studies.
These are either performed by monitoring the concentration of a compound
released from a mesophase [5, 20, 21], which can take hours and days, or they
are performed electrochemically, which is much faster [22, 25]. Electrochemical
studies of diffusion typically involve the use of charged redox active compounds
[26–29]. Due to their interactions with the mesophase structure and electrodes
[27, 29], they give a restricted view of transport.
This thesis focuses on using electrical measurements to characterise transport through the mesophases of phytantriol and their respective transitions.
It will focus on the conductance of small ions, limiting any affects they have
on the mesophase structure and their interaction with electrodes used for measurements.
Electrical measurements can be used to reveal many properties of softmatter materials in solution, such as structural information. For example,
the conductivity of some polymer solutions has been found to increase due
to the formation of networks between polymers at certain concentrations or
temperatures[30–33]. In addition, it can be used to obtain the critical micelle
concentration, which is the concentration at which an amphiphilic molecule will
begin to self-assemble into mesophases when added to water[34, 35]. This thesis
will also show how transport measurements can be used as a tool to reveal
mesophase structural information upon changing hydration, temperature, and
strain.

1.1 Thesis Outline

1.1

3

Thesis Outline

This thesis contains descriptions of experimental work into the conductance
of phytantriol mesophases. Chapter 2 will introduce basic background into
phytantriol and the mesophases it forms, as well as introducing the techniques
that can be used to identify the mesophases. Additionally, the introductory
chapter will contain details about solution conductivity and the electrodes
required for a good electrical measurement. Alternating and direct current
methods will also be introduced.
The third chapter consists of a more detailed discussion into the different
methods available for measuring ion transport through mesophases. Discussion will be split into electrical and non-electrical techniques to highlight the
benefits of using conductance. A consideration of the expectations of transport based on our current understanding of mesophase structure will follow.
It will focus on how the geometry of each mesophase will change with varying
hydration and temperature and with respect to each other. The experimental
chapters will follow.
The first experimental chapter, chapter 4, is a detailed account into the
conductance properties of different phase transitions of the phytantriol-water
system. It presents results from continuous monitoring of phases transitions.
Conductance was measured through lyotropic transitions. Temperature control also allowed thermotropic transitions to be investigated. The results allow
for comparison of the transport properties between phases but do not provide accurate conductivities for them. This prompted an investigation into a
much more controlled technique which is presented in the second experimental
chapter, chapter 5.
Chapter 5 contains results from conductivity measurements of the cubic
Q224 phase inside a micropore. The benefit of the pore is that it allows for
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conversion from resistance (or current) to a reliable conductivity, however it
only allows for the study of excess water phases unlike chapter 4. In addition
to cubic phase characterization, it was found that the phase material could be
used to change the resistance of the pore, forming a basic switch. High bias
measurements and temperature sweeping were used to switch the resistance
from high resistive states to lower, due to phase changes or due to the translocation of cubic phase material through the pore. The high bias was found to
move and deform the cubic phase which motivated the work described in the
final chapter, chapter 6. Which involved the electrical response of the cubic
phase to deformation induced by the application of strain.
Strain was applied to the cubic phase by use of a size variable pore. Transport measurements taken whilst stretching cubic phase inside the pore, showed
how energy dissipated through the phase material. After calibration of the
clean empty pore, the cubic phase was stretched within it at various strains,
at different rates. It was found that high strain induced piezoresistive effects
due to long relaxation time of the cubic phase. The conductance measurements revealed the relaxation times, of which there was more than one. The
timescales involved were compared to shear rheology measurements and were
in agreement. It was found that the cubic phase material could flow viscously
when a strain was applied for a long time. This is what caused the movement
of material in chapter 5, where a high potential put strain on the cubic phase
for a few minutes.
The final chapter of the thesis will contain a brief summary of the main
conclusions from the work presented. Following this, effects that relate and link
to all chapters will be discussed along with developments for the experimental
schemes for future application.

Chapter 2
Introductory Theory and
Background
2.1

Chapter Outline

This chapter presents the introductory background and theory into mesophases, phytantriol and ion transport measurements. This is necessary in order
to understand the relevant literature and experiments presented in this thesis.
Phytantriol forms different lipid nanostructures at specific hydrations and temperatures. These structures affect ion transport; the route to phase formation
will therefore be the focus of initial discussion. Cubic phases, investigated in
chapters 5 and 6 will then be described. The first experimental chapter will
present an investigation of transport through a wide variety of mesophases
using birefringence to identify each phase. Therefore, it is necessary to discuss
the different techniques used to identify the phase formed in each experiment.
The second section of this chapter will focus on transport measurements.
It will describe how conductivity relates to the diffusion of ions under an electric field. Additionally, electrode materials and measurement methods using

2.2 Phytantriol and Mesophases
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alternating electric fields will be introduced.

2.2

Phytantriol and Mesophases

An amphiphilic compound consists of two sections; one hydrophilic, the other
hydrophobic. When an amphiphilic lipid, such as phytantriol, is put into water
it self-assembles, forming ordered nanostructures to keep the hydrophilic parts
in contact with water, and the hydrophobic sections away from it.
The structures that form are known as mesophases, meso meaning intermediate. These phases exist in lipid systems that are in between liquid and
solid states [36]. An interesting property of these mesophases is that they are
crystalline out of plane but liquid in plane [37]. This is why they are known
as liquid crystals. The lipids move and flow within the lipid channels, as the
water does in the aqueous channels. However, out of this plane the structures
are strong and stay in place due to the lipid’s amphiphilic nature. Mesophase
changes are conformational and thermodynamic [36] ; changes that occur due
to increasing water content are known as lyotropic, and those due to temperature are known as thermotropic. These phases have long range order and
generally exist throughout an entire sample if consisting of a single hydration
at a constant temperature. Different phase structures form depending on the
shape of the lipid.
Phytantriol has a hydrophilic head group and a hydrophobic tail, shown
in figure 2.1. The head group of phytantriol contains three hydroxyl (OH)
groups that can form hydrogen bonds with a polar solvent such as water.
When put into water the hydrophilic head group becomes hydrated. For these
systems, the more water that is added, the more hydrated the head group
becomes and the larger effective area, a0 (m2 ), it takes up. There is a maximum
hydration of the headgroup, where, upon the addition of more water, parts of

2.2 Phytantriol and Mesophases
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Figure 2.1 (a) The phytantriol molecule with three alcohol
groups in the hydrophilic head group section, (b) three different
packing parameters, P , for lipid packing that are determined
by the volume v0 and length lC of the lipid tail/chain and the
area of the head group a0 : (i) the head is much larger than
the tail forming a cone with P being less than 1, (ii) the tail
and headgroup match to create a cylinder and (iii) the tail is
much larger than the headgroup forming an inverse of the cone
in (i) with P greater than 1. Phytantriol forms mainly (iii) and
occasionally (ii). (c) shows the inverse packing of a group of
phytantriol molecules. They have a packing parameter greater
than 1 and will encapsulate water.

the nanostructure will begin to push apart, or a lyotropic phase change will
occur instead of the area of the headgroup changing.
The area of the headgroup has an effect on the shape of the molecule
(figure 2.1(b)). If the head group of the lipid increases in effective size due to
hydration, the way the lipids will pack together will change. This also changes
the curvature of the lipid-water interface. The resulting structures therefore
have a curvature that is dependent on the amount of water in the system.
Similarly, temperature affects the shape of the lipid molecule and the cur-
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vature in the system. The volume v, and length lc , of the tail group changes
due to thermal excitation. Experimentally, in general, it is found that increasing temperatures decreases the area of the head group and increases the
volume of the tail [38]. All these parameters, shown in figure 2.1(b), influence
the curvature of the structures that form. The critical packing parameter P
[36, 39] links the three parameters (lc , v, a0 ) together to give a number that
defines the shape of the lipid,

P =

v
.
a0 lc

(2.1)

This determines the curvature produced by the lipid, shown in figure 2.1(b).
If the area of the head group is large and the chain length and volume small,
the parameter will have a value less than 1, shown in (i). If the lipid shape is
rectangular then the parameter will be 1, shown in (ii). If the head group area
is smaller than the chain then the parameter will be greater than 1, shown in
(iii). The initial shape of the molecule is important as hydration and thermal
effects can only change P so much. The phytantriol molecule, shown in figure
2.1 (a), forms structures with a packing parameter greater than or equal to
1. These are known as inverse structures where the amount of water in the
system is limited, water-in-oil as opposed to oil-in-water.
The morphology of the mesophases of phytantriol are shown in figure 2.2
(b) [11]. The phases vary with temperature and hydration as shown on the
phase diagram in (a). Phase morphology and curvature, relate to the hydration
and temperature of phytantriol. The relationship between them can be linked
to the packing parameter. Lyotropic phase transitions will be addressed first,
following the room temperature isotherm on the phase diagram from 0% water
upwards. After which focus will shift to thermotropically formed mesophases.
When there is not much water present, the lipids form spherical structures
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Figure 2.2 (a) The mesophase diagram for phytantriol.
There are 5 different mesophase geometries : the inverse micellar phase, L2 , the lamellar phase, Lα , the inverse gyroid cubic phase, Q230 , the inverse double diamond cubic, Q224 , the
inverse hexagonal, HII . (b) The geometry of the 5 different
phases phytantriol forms. Image adapted from [11]

with P >1, known as inverse micelles. This is known as the inverse micellar
phase L2 where 2 denotes the inverse nature of the phase. The inverse micelles
encapsulate the water with the hydrophobic tails extending outwards as shown
in figure 2.2(b). When more water is added, the concentration of inverse
micelles increases and they grow in size until the phytantriol molecule can
no longer keep the curvature required for micelle formation. The mesophase
undergoes a conformational change and a lyotropic phase transition occurs
at around 6% water. The packing parameter changes with the addition of
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water as the area of the head group increases and the tail group is forced to
compress. The structure switches to lamellar sheets with P =1, the lowest
packing parameter of all mesophases in phytantriol, which is the lamellar Lα
phase.
Note that the transition boundary on the phase diagram is broad. This
is due to the co-existence of the two phases[11]. As the hydration increases
through the boundary, the concentration of micelles reduces until the mesophase is uniformly Lα .
A further increase in water content causes the lamellar sheets to push apart
as the lipid is fully hydrated[40–42]. The sheets separate up to a point. Around
14% water, the sheets have been pushed apart the maximum amount. Extra
water will begin to introduce stress into the bilayer. As the packing parameter cannot go beneath P =1 due to the natural shape of the phytantriol
molecule[43], the structure switches to one which will allow more hydration.
A more geometrically complex isotropic bicontinuous gyroid cubic phase is
formed.
There are two cubic mesophases in the phytantriol-water system. The
gyroid cubic (Q230 at 14% - 24% water) and double diamond cubic (Q224 at
25% water onwards). The cubic phases have P ≈1.3 [38]. The Q224 phase has
a maximum hydration of around 27% at room temperature where excess water
cannot enter into the mesophase system. It is expelled and large domains of
water co-exist with Q224 domains [44]. There will be a more in-depth discussion
about cubic phases in section 2.2.1. The lyotropic phases and their transitions
have been introduced but there are also thermotropic mesophases formed by
the phytantriol-water system.
Increasing the temperature at the maximum hydration causes the volume
and length of the tail group to increase due to thermal excitation. This will
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cause the nanostructure of the cubic phase, P ≈1.3, to deform. At 40◦ C, a
thermotropic phase transition occurs and the structure changes to the inverse
hexagonal mesophase, HII , with P =1.7 [36, 38, 39]. The HII phase consists of
arrays of cylinders with hexagonal packing.
The HII phase cannot form at room temperature due to the shape of the
phytantriol molecule. It has a short chain compared to other lipids; the tail
cannot accommodate the required increase in length at room temperature for
the higher curvatures required to form HII [38, 45].
Phytantriol belongs to a family of lipids known as glycolipids. Previous
studies have focused more on glycolipids other than phytantriol [43, 45]. Much
of the discussion in this thesis will focus on how the behavior of phytantriol
compares to these similar lipids such as monoolein[43] and monolinolein[6,
44]. The phase diagrams look much the same but their molecular shapes
differ slightly [46]. Phytantriol has the smallest chain and the narrowest water
channels; ion transport is therefore reduced and affected more than the other
lipids, hence its application for the work in this thesis.
Arguably, the most interesting property of phytantriol and the other glycolipids, is their ability to easily form a bicontinuous cubic structure at room
temperature. For many other forms of polymers the bicontinuous cubic phase
is notoriously difficult to obtain [8, 10, 11, 43]. The fact that it can form in
excess water, (+H2 O) to the far right of the phase diagram, is extremely useful as most electrochemical experiments are performed in excess water and, in
terms of biological applications, the human body is also mostly water.

2.2.1

The Bicontinuous Cubic Phase

Bicontinuous cubic mesophases consist of two continuous water channels surrounded by lipid, that twist in three dimensions and do not intersect [49]. Fi-
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Figure 2.3 Three TPMS surfaces. The P and D surfaces originally found by Schwartz [47] are (a) and (b), the G surface in
(c) and the D surface are present in the phytantriol mesophase
system. Figure adapted from [48].

gure 2.3 shows three cubic phases, two of which are present in the phytantriolwater system (the D and G surfaces are Q224 and Q230 respectively). They
are interesting from a topological point of view as they are equally convex
and concave at every point[49, 50]. This type of structure is known as having
a triply minimal periodic surface (TMPS). Minimal refers to the zero mean
curvature, and triple relates to the structures having a topological genus of 3.
These kinds of structures were first discovered mathematically in 1890 by
Schwartz [47]. He discovered diamond shaped, D, and primitive cubic lattice,
P, structures shown in figure 2.3. Schwartz’s work was expanded by Schoen in
1970 and 12 types of triply periodic minimal surfaces were found [50].
Luzzati [51, 52] was the first to experimentally find the existence of (one
of) these phases in a lipid and water system and characterised it with X-ray
scattering, as is often done with crystalline structures (more about this in
section 2.3.2). He found one of the phases investigated by Schoen, known as
G, the gyroid phase, as shown in 2.3 (c).
For lipid systems, often these phases co-exist with excess water[53], like the
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Q224 phase of phytantriol, suggesting their importance in biological functions[54].
Upon dilution, the Q224 phase of phytantriol will keep water outside of the
structure. It can even form nanoparticles of Q224 phase called cubosomes. Due
to the stability of the mesophase in excess water, the cubic phase of phytantriol is of interest for drug delivery applications, where the phase can be loaded
with drugs and employed in the body[1, 4–6, 16, 19–21, 21]. Additionally, it
has been found that mitochondria in cells under oxidative stress undergo a
phase transition to a cubic structure. This morphological change allows for
the quick release of damaging compounds as the cubic phase has more efficient
transport [55, 56]. Two experiments presented later in this thesis focus on the
cubic phase of phytantriol, specifically the Q224 phase as it forms in, and is
stable in, excess water. The pure lipid material can be put into a beaker of
water and, after some time, the entire droplet will absorb water to form this
phase.
For experiments, it is important to identify which phase has formed. In
crystallography, Q224 and Q230 bicontinuous cubic phases have space groups
of Pn3m and Ia3d respectively. To differentiate between cubic phases (which
are isotropic and do not exhibit birefringence, see section 2.3.1), and indeed,
all phases, X-ray scattering can be used. Luzzati applied this technique to
determine the existence of cubic phases in the first place.

2.3

Characterisation of Mesophases

This section will address how to identify each mesophase. This is necessary in
order to confirm the phase that has formed upon the addition of water. Often,
due to impurities, lipids purchased from different suppliers have different phase
behaviour. Two common techniques, both of which use the interaction of
light with the lipid nanoscale structures were used to identify mesophases in
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this thesis. The first is cross-polarized light microscopy that takes advantage
of the birefringence of anisotropic phases. The second is the diffraction and
scattering of X-rays transmitted through the mesophase crystal structure. A
brief description of what birefringence and X-ray scattering are and how to
apply them to phytantriol will follow.

2.3.1

Birefringence

Mesophases such and the Lα and HII are anisotropic. They have orientation dependent conductive, dielectric, mechanical and optical properties[57].
Cross-polarized light microscopy takes advantage of the optical and electrical properties of anisotropic materials. The Lα and HII phases have two axes
that have the same type of structure and one that is different, see figure 2.4.
This leads to a different refractive index along the third axis which, leads to
birefringence.
Birefringence is produced upon the application of polarized light. The
difference in dielectric properties of the three axes causes the light to travel at
a different speed along one axis. For isotropic materials, which are the same
in all directions, such as the L2 and all cubic phases, there is no unique optical
axis. A typical cross-polarized microscopy scheme will be described to show
how to apply this and what to expect from phytantriol.
In birefringence, the light coming into the material is linearly polarized
with a polarizer. It then splits into two different polarizations inside the HII
or Lα phase[57]. Another, orthogonal polarizer is placed at the receiving end
where the light is transmitted. Without the sample in place, no light passes
through to the receiving end. With the anisotropic sample in place, there is a
change in the polarization of the light coming out from the sample, due to the
differences in optical axes. Therefore, light can pass through the final polarizer
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Figure 2.4 The optical axes in the Lα (top) and HII (bottom)
mesophases. There are two axes, labeled a, that have the same
structural properties; axis b is different and is the cause of
birefringence.

causing the mesophase to appear bright. Isotropic phases, where there is no
difference in optical properties, appear dark.
Cross-polarized light microscopy is a useful and quick technique to identify
phases. However, differentiating between optically active mesophases requires
experience, especially if a phase being monitored is unknown or new. Regardless, the Lα and HII phase are well characterized and occur at quite different
hydrations and temperatures making them distinguishable [12]. Their identification in the phytantriol-water system is fairly straight forward. To be able to
identify the exact mesophase, and obtain more detailed information about its
structure, such as water channel width and lattice parameter, X-ray scattering
must be used.
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X-ray Scattering

X-rays can be scattered at lipid-water interfaces. The scattered light will have a
regular order and pattern, corresponding to the different planes of the material.
This characterization is known as small angle x-ray scattering (SAXS). It can
only be performed on samples that the x-ray beam can pass through, so the
amount of water should be low, or the sample size, big.
Small angles are used to examine nanoscale samples; the lipid-water interfaces that scatter x-rays are on the nanoscale. When the wavelength, λ, of
incoming light is comparable to the crystal lattice spacing, d, the light will
scatter from the crystal structure at angles θ, with multiple diffraction orders
(m) according to Bragg’s law,

mλ = 2dsinθ.

(2.2)

When the light scattered from two different crystal planes meets, it constructively interferes to produce a large peak in the received light. The scattered light peaks are proportional to the scattering angle via equation 2.2 so
the internal nanostructure can be determined. The schematic for a small angle
experiment is shown in figure 2.5. It shows the incoming x-ray being scattered
by the sample to form peaks that are a small angle, 2θ, away from the incident
beam axis.
For the experiments in this thesis, SAXS was only used once, to confirm the
formation of the Q224 phase in chapter 5. Scattering of x-rays from the lattice
planes in the Q224 phase can produce up to 6 peaks which can be attributed
to 110, 111, 200, 211, 220, 221 lattice planes. They follow the relationship
√ √ √ √ √ √
2: 3: 4: 6: 8: 9 [11]. Plotting the peak lattice spacings d versus
the square root relationships gives the lattice parameter, a, for the mesophase
structure.
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Figure 2.5 SAXS set up. X-rays are produced and fired at
the sample, the X-rays are scattered by the nanostructure onto
a target. The resulting peaks relate to the lattice planes of lipid
in the mesophase structure.

This thesis has a significant focus on measuring the transport properties of
the Q224 phase however, additional mesophases were also measured in chapter
4. The next section will address what is involved in taking a transport or
conductance measurement and the different contributing factors that must be
considered.

2.4

Aqueous Electrical Transport Measurements

Phytantriol itself does not conduct, only the aqueous channels contribute to
the ion transport. When filled with a salt solution, (KCl was used for chapters
5 and 6) each ion (K+ and Cl− ) will flow through the channels, of which are
controlled by the mesophase structure. Changes in the mesophase structure
due to deformation, a phase transition, or an increase in channel width, will
alter the efficiency of mass transport.
Firstly, the different contributions to mass transport need to be addressed.
There are three factors to consider: diffusion, convection and migration. All of
these contribute to solution conductivity, which will be discussed afterwards.
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Then discussion will focus on the electrical measurement; what materials are
best and the different techniques that can be used, such as the application of
AC or DC.

2.4.1

What is ion transport?

In this thesis, ion transport is the movement of ions through a solution. The
key factor to consider when investigating ion transport is mobility. Mobility
has contributions from three forms of mass transport that will influence the
results of electrical measurement. The mobility of ions in solution can be found
by considering the total flux of ions in the solution J [58],

J = −Di

zi
∂Ci
∂ψ
−
µi C i
+ Ci vi .
∂x
|zi |
∂x

(2.3)

The above equation describes the contributions from diffusion, migration,
and convection to ion flux. The first term describes the diffusion of ions of
species i under a concentration Ci gradient. Di is the coefficient of diffusion
for that species which is constant [59–61]. The middle term describes the
contribution due to migration. Migration is the drift of charged particles due
to an electric field, ψ, where zi is the charge of the ion ( for K+ and Cl− it is
±1), µ the ion mobility. The final term is the contribution from convection.
This is limited in the mesophase and not relevant to the experiments performed
for this thesis. Therefore, this term can be removed from the total flux leaving
only diffusion and migration as contributors.
Einstein linked the diffusion coefficient to the flow of a particle through a
viscous solution; this can be used to obtain the mobility of the ion. Combining
the friction of a particle and the Einstein relation gives the Stokes-Einstein
equation. This equation shows how a particle with hydrodynamic radius r,
friction coefficient f at temperature T moves through a solution with viscosity
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η,
D=

kB T
kB T
=
f
6πηr

(2.4)

Where kB is the Boltzman constant[62]. We can use the Einstein relation to
find the mobility of an ion µ [63],
D = µkB T.

(2.5)

From equations 2.4 and 2.5 it can be seen that,
µ=

1
.
6πηr

(2.6)

This equation shows that mobility and diffusion are linked. All that needs
to be addressed now is the movement of the ion due to the presence of the
electric field and how the mobility relates to the conductivity, or conductance
of the solution.

2.4.2

Conductivity

In any general system total conductivity κ is the conductance, G, per unit
area. The conductance for parallel plate electrodes relates to the length l and
cross-sectional area A of the rectangular box of solution between them,
G=

κA
= κO
l

(2.7)

where O is a general geometrical factor which can also be found for other
electrode geometries. Conductivity in solution is related to the concentration
of ions present. In this thesis, KCl salt solution is mostly used, which is
comprised of two ions, K+ and Cl− .
When exposed to an electric field, the ions, which have opposite charges,
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drift to the electrodes with a mobility described by equation 2.6. Cations go
to the negatively charged electrode and anions to the positively charged. Therefore the solution conductivity, κ, will have two components, one for cations
and one for anions. It also relates to the concentration of ions in the electrolyte
and the conductivity of the ions through the solution[64]. The conductivity of
an electrolyte solution is given by:
κ = λmol CS

(2.8)

Where λmol is the molar conductivity and CS is the molar concentration of
electrolyte. The molar conductivity is the sum of the contributions of its
individual ions,
λmol = (ν+ λ+ + ν− λ− )

(2.9)

where λ is the ion conductivity and ν is a stoichiometric coefficient referring
to the number of ions in an electrolyte with the subscripts denoting the anion
(-) and cation (+). For a salt solution like KCl, stoichiometry dictates that
each ion gives ν equal to 1 and the charge number z = 1 due to the charge
of each ion in solution. The ion conductivity relates to the mobility via the
Faraday constant F, [64]
λi = zi µi F.

(2.10)

Therefore diffusion, and mobility of the ions due to an electric field in solution
relate via 2.5 to give,
D=

kB T
λi .
F |zi |

(2.11)

Equation 2.9 is a version of the Kohlrausch law of independent migration
of ions, which states that the conductivity of a solution is the sum of the
contributions from each ionic species. KCl is a strong electrolyte and all the
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ions dissociate into solution, its conductivity should remain constant at low
concentrations according to [58],
λ = λ0 − BC 0.5 .

(2.12)

The concentration dependence to the ionic conductivity, at low concentrations
is very small. Hence the conductivity is essentially λ0 , the limiting molar
conductivity, which can be found from tables in [65] and B is a constant.
It has been shown that the conductivity of a solution inside a mesophase will
have contributions from diffusion and migration, see equation 2.3. The StokesEinstein equation 2.4 and the Einstein relation 2.5 link diffusion, viscosity and
temperature to the ion mobility, 2.6. Mobility can be linked to migration via
the charge and concentration of ions in the solution, which directly relates to
the total conductivity.
Conductivity is measured using electrodes. These have to be inserted into
the solution with an applied potential between them, causing ions to drift
through the solution, producing a current. The conductance, potential, and
current measured at the electrodes relate by Ohms law. The electrodes must be
made of materials that withstand the application of potential and the flow of
ions to their surface. They must not corrode in the solutions used, for example,
copper wires cannot withstand salt solutions[66, 67]. Electrode materials and
their requirements will be further discussed in the next section.
Electrode materials and reference electrodes
A potential, known as the electrode potential, forms between an electrode
and the solution when the two are combined. Applying a potential between
two electrodes causes the electrode potential to shift. Electrodes can break
down at certain electrode potentials as the metallic material can react with
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the solution. Electrolytes are known to oxidize or reduce at a specific electrode
potential. At a specific applied voltage, an electron from the electrode surface
will enter an ion that is adsorbed onto the surface. In KCl solution, water
can be split and chloride can combine to form chlorine [64]. Also, electrode
materials can dissolve in some solutions at certain potentials. Dissolved ions
from the electrode can then be involved in reactions in the electrolyte solution,
adding further complexity. Therefore the correct materials and solutions must
be used for simplicity and for the the potential to remain constant.
It is usual to employ reference electrodes in electrochemical measurements
as they form stable, well-known potentials with the solution. When measuring
the potential difference between two electrodes in solution, it is imperative
that the potential the electrode forms with the solution does not drift. A drift
in electrode potential will interfere with the voltage applied through the phase
material.
Common reference electrodes are themselves small electrochemical cells.
This stops electron transfer processes between the electrode and the solution,
be it water splitting or chlorine formation[64]. They have a porous frit that
allows a liquid-liquid junction to form. The applied potential is set at the
junction, rather than at the metallic electrodes surface. Reference electrodes
usually contain saturated solutions in order to form a stable, constant potential. The Nernst equation describes this potential with reference to the
concentration of ions present,
E = E0 +

kB T C[red]
ln
.
e
C[ox]

(2.13)

This equation relates the concentration of oxidized (C[ox]) and reduced (C[red])
species inside the electrode to the electrode potential at that time (E), the
standard potential for that redox reaction (E0 ), kB and T are the Boltzman
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constant and temperature.
Examining this closer, for the mercury/mercury chloride or calomel electrode, the half-cell reaction is
Hg2 Cl2 + 2e− ⇐⇒ 2Hg + 2Cl− .

(2.14)

The chloride ions are in great excess due to the saturated KCl solution and
Hg2 Cl2 (s) that are present in the electrode. According to equation 2.13 the
electrode potential, E, is determined by the concentration of species. As the
concentrations effectively remain constant, so does the potential. In fact, for
this electrode it is the concentration of chloride ions that governs the potential
[68].
The calomel electrode is bulky and cannot be employed easily in small-scale
experiments, where minimal amounts of electrolytes are used. In this instance,
a silver wire can be used as a pseudo-reference. The difference between a true
reference electrode (such as the calomel) and a pseudo reference is the lack
of thermodynamic equilibrium[68]. Although their potential is not as stable,
they are useful for their simplicity, ohmic resistance, and lack of liquid-junction.
They are not ideally non-polarizable, which could introduce some complexity
to measurements[68]. However, they can be used when the measured currents
are low as the potential is less likely to drift as much.
The current electrodes must be made from an inert material. The metal
must not react with any of the species in the solution. Commonly, platinum
is used for current electrodes but gold can be used too, as it is also inert in
water and KCl. Platinum and gold, as well as water and KCl, were used for
the experiments presented in this thesis.
In electrochemical conductivity measurements, it is typical to use two or
four electrodes. For the two-electrode set-up, both electrodes pass the potential
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and measure the current. Whereas in the four-electrode set-up, two electrodes
apply the potential and two measure the current. Care must be taken when
choosing the material for the current and potential electrodes. Reference electrodes like the calomel cannot be applied as current electrodes because their
electrode potential will drift and damage could be caused to the materials inside. Metal electrodes must therefore be used for two-electrode experiments.
However, reference electrodes can be employed in four-electrode experiments,
as there are separate electrodes for current. There will be more discussion in
section 3.2.2 about the specifics of four and two electrode geometries.
Electrode polarization is an issue when measuring conductivities with direct
current measurements (DC). Of course, the electrode requires some polarization in order for a potential to be applied to the solution or mesophase being
measured. But under some circumstances, if the currents are high, there will
be a large amount of ions traveling to the electrode surface. The ions traveling
to the surface have the opposite charge to the electrode and if the current and
potential electrodes are one and the same, the charge and effect of the potential from the electrode can be screened which lowers the applied potential.
Four electrodes can be used to avoid such effects or an alternating potential
(for alternating current measurements (AC)) can be applied. The next section
will go on to discuss AC measurements.
AC-electrical Measurements
AC measurements can be used to limit the effects of electrode polarization.
They do not require the application of a high bias to overcome noise, as DC
measurements do, as an amplifier is used. High bias could damage the lipid
mesophase (its effect on the Q224 phase is presented in chapter 5). AC measurements reduce the detrimental effects of large potentials and can be used to
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accurately measure conductivity.
An alternating excitation potential (V (t)) is applied to the sample in ACelectrical measurements[69]. This potential has a radial frequency of ω and is
expressed as a function of time t,
V (t) = V0 sin(ωt)

(2.15)

In a standard system, such as the measurements presented in this thesis, the
excitation potential will induce a corresponding sinusoidal current, I(t). However, this current will be out of phase (φ) with V (t) at the majority of applied
frequencies therefore,
I(t) = I0 sin(ωt + φ).

(2.16)

Figure 2.6(a) shows the two signals and how they relate to each other; the
excitation voltage is applied and the measured current is out of phase with
this. In order to avoid the influence of external AC electric fields and reduce
the effects of noise, which are detrimental to low bias measurements, a lock-in
amplifier is required.
Lock-in amplifiers are used to measure the signal from the sample of interest
and have ability to measure below the noise floor. They use phase sensitive
detection measuring the sample signal VS = Rcos(ω + ΦS ) with respect to a
reference signal VR = cos(ωt) that has the same frequency as the sample signal
[70]. An input excitation potential is applied to the sample and VS measured.
The sample signal is then mixed with the reference signal provided by the
lock-in amplifier and the in-phase current measured. To obtain the out-ofphase current a reference signal 90◦ out of phase with the in-phase reference
VR = sin(ωt) is mixed with the sample signal instead. Combining both the
in-phase and out-of-phase current gives the resistance and phase behaviour of
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the sample[70].
There are two main AC measurement techniques. Electrical resistance,
and therefore conductance, can be measured by applying a potential: 1) with
a constant frequency or 2) by sweeping the frequency. Both of these techniques
were used for experiments described in this thesis. A description of frequency
sweep measurements will follow in the next section.
Impedance Spectroscopy Electrical impedance is the frequency dependent equivalent of DC-resistance. Applying Ohms law to equations 2.15 and
2.16 gives an expression for the complex impedance of the system, which is
essentially a frequency dependent resistance,
|Z| =

V0 sin(ωt)
sin(ωt)
V (t)
=
=Z
I(t)
I0 sin(ωt + φ)
sin(ωt + φ)

(2.17)

It is possible to express the impedance as a complex function using Euler’s
relationship,
exp(iφ) = cos(φ) + isin(φ)

(2.18)

V (t) = V0 eiωt , I(t) = I0 eiωt−iφ ,

(2.19)

and describing,

the impedance can then be represented as a complex number that can be
expressed as a combination of real, or in-phase Z’ and imaginary, or out-ofphase Z” parts,
|Z| =

V
= Zeiω = Z(cos(φ) + isin(φ)) = Z 0 + iZ 00 .
I

(2.20)

2.4 Aqueous Electrical Transport Measurements

27

Figure 2.6 For AC measurements an alternating excitation
potential (labeled Vex in (a)) is applied and a corresponding
current measured. The current in (a) is out of phase by φ with
the excitation potential. Using Ohms law the two relate to each
other gives real (Z’) and imaginary (Z”) parts of impedance
and the phase angle φ in (b), with —Z— being the magnitude
of the impedance. An alternating potential frequency sweep
can be presented in a Nyquist plot, shown in (c), which can be
typically modelled by an R-C circuit with RS being the solution
resistance, RP the charge transfer resistance and C the double
layer capacitance.

The phase angle φ at a chosen frequency is a ratio of the real and imaginary
components as shown in figure 2.6(b),
tan(φ) =

Z 00
.
Z0

(2.21)

The applied excitation potential is applied to the sample at a range of
frequencies. This results in a value for the real and imaginary parts of the
impedance for each frequency applied, following 2.20. The resulting Z’ and Z”
values are commonly plotted on a Nyquist plot shown in 2.6(c). The Nyquist
plot shows a typical response for a simple conductivity measurement. The
frequency is usually swept from high to low. The low frequency intercept is
at high Z’, and the high frequency intercept at low Z’. The typical response
can be modelled with a corresponding electronic circuit, shown in the inset
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in the figure. At high frequency the capacitor does not have time to charge
and discharge, hence the current will just flow through the series resistor and
straight through the capacitor bypassing the parallel resistor. At low frequency,
the capacitor does not discharge, so the current will pass through both of the
resistors. The intercepts on the Z’ axis can therefore give values that relate to
the real system that is being measured, providing the system corresponds to
this model. There is a maximum value for -Z” which corresponds to where the
capacitor has a large effect. The value of the capacitor can therefore be found
at this point.
Impedance measurements have to be done with care. Electrical noise from
the surroundings must be reduced as much as possible and frequencies chosen that truly reflect the system being measured and not the wires or other
circuitry attached to it.

2.5

Final Remarks

In summary, it has been introduced that in order to measure the conductive
properties of a mesophase, it first needs to be characterized with birefringence
or SAXS. From there, the experimental design is also important. The materials
and techniques, be it two- four- electrode geometries, silver or platinum, AC
or DC, must be carefully chosen to suit the application. Now the basic background has been presented, more in-depth literature and information about
ion transport through mesophases can be introduced in the next chapter.

Chapter 3
Ion Transport in Mesophases,
Literature Review
3.1

Chapter Outline

For this thesis, conductance was used to measure the ion transport through
the mesophases of phytantriol. As described in chapter 4, understanding ion
transport through mesophases is key to their application in pharmacology [1–
6] and material science[7–9]. In this thesis, ion transport will be described in
terms of conductance or resistance. However, they are not the only measurements that can be used to characterize ion transport. Alternative methods
from the literature will be addressed in the first section of this literature review, along with their shortcomings, to describe why conductance was chosen
for this work.
Transport measurements will relate to the specific mesophase geometry.
Hydration and temperature can be used to change the geometry of the phase,
which will affect the conductance or resistance measured. The geometry can
be altered slightly, remaining within the same phase, by changing the hydra-
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tion and temperature a small amount. This will induce small changes in the
water channel width and therefore the conductance, with a temperature and
hydration dependence. Changes in hydration and temperature can also cause
a phase transition to a different geometry. Ion transport in each phase will
exhibit different trends with hydration and temperature due to the differing
geometrical structures. The expected effect of phase geometry, water content,
and temperature on the water channel width will be discussed at the end of
this literature review. The changing water channel geometry and thickness
will affect the ion transport. Addressing how these change within a phase,
and from phase to phase, will provide an expectation for the phytantriol-water
system that results can be compared to later.
Ion transport through these systems does not only depend on the temperature and hydration of the mesophase. The total conductance measured
through a nanoscale mesophase material will be affected by parameters such as
the channel width and geometry (which depends on temperature and hydration), the conductivity of the solution inside the aqueous channels (which will
also change with temperature) and nanoscale effects such as the double layer
and domain boundaries. The final section of this literature review will address
how these parameters contribute to the measured conductance. Reasons for
using conductance to characterize mesophase transport as opposed to other
methods, will be discussed in the next section.

3.2

Methods to Measure Ion Transport

There are a variety of techniques that can be used to measure ion transport
in mesophase systems. To give a detailed picture of the transport properties,
these methods should not interfere with the mesophase structure and must
have the ability to monitor and modulate a few parameters in space and time.
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In this literature review, the techniques will be categorized into two groups,
non-electrical and electrical methods. Both methods involve measuring how
specific ions, molecules, or drugs move through the mesophase structure. The
specific compound, ion, or drug can be put into the aqueous solution for testing to measure its transportation through the mesophase. There are multiple techniques in each category and these will be discussed beginning with
non-electrical methods, such as concentration release studies and self-diffusion
NMR, then moving onto electrical methods.

3.2.1

Non-electrical Transport Measurements

Non-electrical measurements avoid the possible damaging effects of electric
fields. Non-invasive, non-destructive methods can be used for transport measurements with pharmaceutical applications in order to protect biological
material. A diffusion cell is a device frequently used for such purposes. It
is comprised of two compartments, separated by the material to be examined. One such device has been used by Mezzenga[23, 71, 72], Lee[20] and
Clogston[73] to measure the diffusion coefficient of drugs through mesophases.
A diagram of the general set up is shown in figure 3.1. One compartment
contains the molecule/drug in question and the other a blank buffer solution.
The two compartments are separated by the mesophase material. The buffer is
removed at intervals and the concentration of the drug calculated. This relates
to the diffusion coefficient of the drug through the mesophase via Fick’s law.
This is not a fast method; the diffusion of drug through the mesophase can
take hours or days [16, 23, 71, 73]. The material must also be stable in excess
solution. Therefore, only the HII and Q224 mesophases of phytantriol can be
measured with this cell. Alternative methods must be used to examine other
phases.
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Figure 3.1 A diffusion cell designed by Negrini [23]. Equilibrated cubic phase is put into the centre of the tube using the
two pistons. These are then removed and a solution containing
the compound (most commonly a drug) is put at one side and
the blank buffer solution at the other. The compound diffuses
through the mesophase and into the buffer solution, which is
removed and replenished at intervals. From this the change in
concentration of the compound in the buffer solution gives the
diffusion coefficient through the mesophase.

Self-diffusion NMR can be used to obtain the diffusion coefficient for ions
inside mesophase materials at many volume fractions and temperatures. This
technique was used in the past to measure the diffusion of water and lipid
in cubic phases by Anderson[74] and Eriksson[75]. It was performed to show
that diffusion through cubic phases is reduced by a factor of

2
3

compared to

bulk solution. However, Eriksson found that the factor was closer to

1
5

for

monolinolein and monoolein by including lipid bound water in the calculations.
This indicates the importance of surface interaction, which will be addressed
later in detail in section 3.3.2. Although Anderson and Eriksson worked on
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a single phase, NMR can be used for all the phases, volume fractions, and
temperatures of a mesophase system.
In order to study the entire mesophase system with NMR, many samples
must be made, which is labour intensive and time consuming. The samples
are put into capillaries, which can be tricky for viscous materials such as the
cubic and hexagonal phases. In addition, the samples must also have time to
reach equilibrium and form the phase homogeneously, which can take days or
weeks [11, 76].
Additionally NMR is a closed system. It is impossible to change other
variables or examine the effect of an additional parameter on ion transport
in-situ. It is closed in order maintain the temperature of the magnet, making
the process expensive. Cheaper and faster measurements can be used that
easily allow for the modulation of additional parameters. These are electrical
transport measurements.

3.2.2

Electrical Transport Measurements

In contrast to the techniques introduced in the previous section, electrical,
or electro-chemical, techniques are much faster, cheaper and still give reliable
results. Electric methods should be applied to mesophase materials with care
as the phase behaviour of ionic materials likely changes upon the application
of an electric field [77, 78]. Phyantriol is non-ionic, and it has been employed in
numerous electrical measurements in the literature therefore electrical methods
are ideal [6, 8, 17]. These methods involve measuring the current (due to
an applied potential) produced by redox active molecules or an electrolyte
solution.
The current produced from an applied voltage gives insight to the transport
properties of mesophases whilst temperature, hydration and other parameters
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can be controlled and measured. Additional measurements and parameters
can be imaging, the application of a magnetic field[72] or the use of lasers for
local heating [17]. Additionally, strain is one such parameter that was investigated for chapter 6 of this thesis. For this reason, electrical measurements
have been used for the work presented in this thesis. They are faster than
diffusion cell experiments and easy to modify for the requirements needed. A
discussion comparing electrical redox measurements to diffusion cells will follow, after which the shortcomings of redox ions will be addressed. Following
that, experimental electrode designs and conductivity probe measurements will
be discussed as they do not involve redox active materials.
Diffusion via Redox Active Ions
The diffusion of drugs and other molecules of interest can be measured electrically. When the compound of interest is redox active, the measurement is
quick. Bilewicz[26–28] and Kostela[29] studied the diffusion of such compounds
through the cubic phase of monoolein. They found that the diffusion was reduced by a factor of

1
4

compared to bulk, which compares to Eriksson’s NMR

measurements[75] indicating that an electrical measurement is just as good.
The set-up for such an electro-chemical redox experiment is shown in figure 3.2.
The mesophase material is applied to an electrode surface and immersed into
an electrolyte solution containing the redox active drug or compound. Either
the phase is pre-loaded with the compound, or it absorbs the compound from
the electrolyte solution. A potential is then applied and the current response
measured. The current peaks directly relate to the concentration, diffusion
coefficient and scan rate of the measurement, thus giving insight into the ion
transport through the mesophase.
Most redox active compounds have a large hydration shell as they are
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Figure 3.2 (a) The set up for many electrochemical diffusion
measurements using redox active compounds (probes). The cubic phase is attached to the surface of a disk electrode. Compounds travel through the mesophase to the electrode surface
where they undergo redox, the measured current is proportional
to the concentration and diffusion coefficient of the compound.
Image adapted from [29] (b) A constant humidity environment
for variable hydration experiments. Saturated salt solutions
can be used to maintain a constant humidity, which can be
varied depending on the salt used. The mesophase film will
maintain equilibrium with the environment, changing the salt
solution will change the hydration of the film.

highly charged. Their transport through nanoscale mesophases will be less
efficient than smaller ions with less charge. Additionally, charged molecules
are likely to interact with the lipid and electrode surfaces, they can alter the
phase structure and complicate electrical characterization. Kostela [29]found
that potassium ferrocyanide adsorbed to the electrode surface, and therefore
interfered with the measurement. Detailed transport information about the
geometry of the phase can be lost due to such interactions when measuring
the diffusion of large, highly charged compounds. Not all compounds of interest
are redox active, so this is an important limitation for this method.
Comparing to the diffusion cell, both techniques can be affected by highly
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charged molecules and drugs. A benefit to the diffusion cell is that there is
no electrode surface or electric field, which could cause adsorption or damage
material. Additionally, the diffusion of redox active ions can be measured in
both techniques. A benefit to using electrical measurements is that the cell
can have additional and multiple uses, such as in the sensing of biological materials [27]. Fast measurements, provided electrically, are important in sensing
applications.
Electrochemical measurements, however, do not have to be performed with
redox active compounds. Any ion, or compound in aqueous solution will contribute to the conductivity (see discussion on solution conductivity in section
2.4.2). Comparing the conductivity between mesophases and materials, with
an unrestricted bulk solution, will therefore show how ion transport is perturbed in the mesophase structure of interest. For this kind of measurement,
conductivity probes are often used.
Importantly, this thesis focuses on the transport of water and potassium
chloride solution to avoid interactions between the electrode, lipid, and a highly
charged compound. In addition, no biological materials are being investigated
that could be affected by an electric field.
Electrode Types for Measuring Conductivity
Conductivity probes are commonly used to measure the conductivity of emulsions or liquid crystal phases with a wide range of ions and variables[32, 79].
The area of the solution or mesophase material between the electrodes is used
to convert conductance into conductivity. This gives a good representation of
the conductive properties of a specific system but requires the production of a
large amount of sample, at a single volume fraction. As introduced previously,
it can take days or weeks for large samples to reach equilibrium [11, 76] and
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the dynamic nature of the phase change is lost using these methods.

Figure 3.3 Two-electrode (a) and 4-electrode (b) set-ups for
measuring the conductivity of a solution. Polarization of the
electrode surface inhibits the measurement in (a). Additionally
the contact resistance between the electrode and solution must
be accounted for. A more accurate conductivity can be measured using (b) as polarization and contact resistance do not
contribute to the measurement.

The electrode set-up is important for electrical characterization of materials. Common conductivity probes only have two electrode surfaces and so there
are setbacks to this method of transport characterization that need to be addressed. Firstly, polarization of the electrodes will introduce the attraction of
ion layers near the electrode surfaces which will reduce the conductance[60, 80].
This is shown in figure 3.3(a), these ions can act to screen the charge of the
electrodes which causes the potential to drift. To get around this effect, lowering the current density by using a large reference electrode will reduce the
negative effects of polarization[81]. Secondly, the contact resistance between
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the electrodes and the solution will also be measured[69]. The pink dotted line
in fig3.3(a) shows where the potential falls inside the two-electrode cell. The
potential applied to the bulk mesophase, or solution between the electrodes,
is lower than the applied potential across the whole system. This effect lowers
total measured current/conductance of the cubic phase as the measurement
will not relate to the applied potential. A correction factor will be required to
calibrate the electrode system. Alternatively, when using two electrodes, the
application of a low bias AC potential will help to eliminate polarization[69].
This can be done as long as the frequency of the measurement does not go
below a few Hz.
For even more accurate transport measurements, four-electrode geometries
can be used. Having two current and two voltage electrodes eliminates contact
resistance and the effect of polarization, figure 3.3(b) depicts this scheme. A
potential is applied between two of the electrodes and the current measured
with the other two, therefore the current relates only to the electric field between the two current electrodes. Four-electrode measurements are typically
used to measure the conductivity or resistivity of metallic, semi-conducting or
ionic materials [82, 83]. In the solid state four electrodes are attached to the
material directly, with the system having a specific geometry for calculating
the conductivity. In the liquid state it is more common to use a cell with two
compartments separated by the material in question in a similar manner to
figure 3.1[84].
Four electrode systems used to measure conductivity are commercially available. Conductivity meters with four electrodes are available for transport
measurements but as stated before, a single probe requires the production of
multiple, large samples that take a long time to reach equilibrium before measurement. In addition, any four-electrode cell requires that there is solution
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either side of the material in question. For a mesophase, it would have to be
surrounded by water. In phytantriol, this would only allow for the examination
of excess water phases. In chapter 5 experiments using a four-electrode cell to
measure the conductivity of the Q224 phase are presented. The compartments
were separated by a micropore filled with cubic phase material.
Electric Field Effects
It is important to address how the presence of an electric field could alter the
mesophase. Electric fields have been found to align phases [77, 78] and cause
the movement of lipids between bilayer sheets when applied in a short strong
pulse[85].
One of the most commonly investigated systems is the lipid bilayer, and
how it behaves in an electric field. Depending on the field strength applied,
electroporation can occur, where a hole in the bilayer forms. Electroporation
is induced by a voltage pulse which produces such a pore in the bilayer, by inducing a trans-membrane potential in the order of 100’s mV [86]. Additionally,
lipids have been found to move between the bilayer sheets when the voltage
pule is of sufficient magnitude, 100 kV/cm [85]. So long as a low voltage is
applied to the mesophase, these effects will be avoided.
Additionally, an electric field can induce strain on a bilayer membrane[87].
The strain induces bending in the bilayer and can produce convective flow in
the area around it. A lipid bilayer membrane is a lot more insulating than
a mesophase (as a mesophase is porous and an isolated bilayer membrane is
not), so field effects may not translate to the mesophase system. Regardless,
this thesis presents results of strain effects on the cubic mesophase in chapter
6, as deformation of the phase was found to occur at high applied potentials
in chapter 6.
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Method
Pros
Non-Electrical
Diffusion Cell
- an indirect
method

Self-Diffusion
NMR

Electrical
Redox Active
Ions

Conductivity
Probes

Cons

• Can measure any compound, drug or ion.
• Additional parameters
to alter transport can be
applied and measured.

• Slow.
• Limited to a single volume
fraction; only phases stable
in excess solution.
• Requires additional techniques and measurements to
determine solution concentration - so this method is
indirect.

• Fast.
• Accurate; models can be
used to include bound
water

• Limited to individual volume fractions.
• Convection is an issue.
• Expensive.
• Closed system so it is not
possible to measure the effect of other parameters.
• Difficult with very viscous
materials as they have to be
put into a capillary.

• Fast.
• Additional parameters
and measurements can
be performed simultaneously.
• Cheap.

• Interactions between phase
material, electrode surface
and ions can inhibit measurement.
• Only redox-active compounds can be measured.

• Fast measurement.
• 4-electrode probes are
available.

• 2-electrode probes suffer
from polarization.
• Single volume fraction only
with large amount required.
• Long equilibration times of
materials lead to longer
sample preparation.

Table 3.1 A table presenting the pros and cons of the different kinds of methods that can be used to measure ion transport
in lyotropic mesophase materials.
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Summary of Transport Techniques

Electrical transport measurements were used for the work presented in this
thesis. They are fast, allow for the modulation and application of additional
parameters and measurements simultaneously, and are not limited to a single
volume fraction if the hydration can be modulated. To summarize the techniques that have been discussed in this chapter, each method along with their
pros and cons are presented in table 3.1. In this thesis, techniques are used
that measure the transport of small ions through mesophase material blending
the pros from the electrical techniques with the diffusion cell.
The kinds of experiments introduced thus far give good results for equilibrium phases however they are not effective for non-equilibrium phases and
are limited to specific volume fractions [14]. To measure the dynamic nature
of mesophase transitions, it is necessary to be able to sweep temperature and
hydration in-situ, whilst performing the transport measurement.

3.2.4

Hydration and Temperature Control

There are methods that allow for variable hydration that can be used to study
phase changes. Performing electrical experiments in a humidity controlled environment is one way to do this [72, 78, 88–91]. Water from the air is absorbed
into a lipid film, controlled by the humidity of the surrounding environment, as
shown in 3.2(b). An increase in humidity causes the film to absorb water from
the surroundings inducing mesophase formation. Control of the humidity and
temperature gives access to most of the phase behaviour of the mesophase material. This method also allows for other in-situ components or measurements
to be performed simultaneously such as x-ray scattering [88, 90].
Conduction measurements through humidity changes can give a complete
picture of the ion transport within a phase as well as phase transitions. Chen
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et al [88] investigated the diffusion of ions through a supramolecular assembly
and found that increasing humidity caused a phase change from HII to Q230 ,
accompanied by an increase in self diffusion Similarly, Zhang found the same
transition in a sulfonate wedge molecule induced an 100 fold increase in conductivity [89]. Continuous hydration will give a clear and thorough picture of
the conductive properties of each phase as well as transition information. In
chapter 4 we present such conductance measurements through the mesophases
of phytantriol.
Varying hydration and temperature will change the mesophase geometry.
In terms of intra-phase changes, within a single phase, the lattice parameter
will alter slightly to allow for more water or lipid chain extension / compression.
There will be a temperature and hydration dependence to the lattice parameter, and as the geometry changes so will the conductivity of each phase. This
dependence will vary from phase to phase (inter-phase). Gaining an understanding of how the lattice parameter relates to hydration and temperature
will provide insight into conductance measurements. In addition, there are also
other contributions to the conductance, which are not geometry and hydration
related. All of these contributions will be discussed in the next section, with
reference to phytantriol (or a similar lipid) system, in order to compare to the
experimental results presented in this thesis.

3.3

Expectation for Conductance Measurements
Through Phytantriol Mesophase Transitions

This section will contain discussion about the different contributing factors to
ion transport measurements in the mesophases of phytantriol. Conductance
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or resistance will depend on the phase geometry, the water content present
and the temperature of the system, as well as other more general effects. For
example, a phase with continuous water channels will conduct a lot more than
a micellar phase, which lacks connectivity. As discussed in chapter 1 the channel radius relates to hydration and temperature; the greater the connectivity
between aqueous channels and electrodes, and the more water, the more conduction. Therefore the ability of the structure to conduct depends on the
geometry of the phase.

3.3.1

Phase Geometry

It is important to address how conductance will relate between each mesophase in the phytantriol-water system. It is accepted that the conductivity of a
mesophase is proportional to its dimensionality [41, 74, 75, 92–94]. Supramolecular architectures that change phase with temperature have been found to
exhibit ion transport that relates to the geometry of the phase[88, 93, 94]. We
expect the same to be true for all mesophase systems, with 3D phases being
the most efficient at conducting due to the ability of ions to move in all three
dimensions, followed by 2D phases, such as the Lα phase and finally 1D phases, such as HII . Phases with no dimensional ordering (0D), the L2 phase, are
the least conducting of all. This is intuitive due to the number of dimensions
that an ion is free to move in and the amount of connectivity between aqueous
channels.
For phytantriol, the conductivity of a phase will depend on the phase geometry, temperature and the hydration. It was introduced that the Lα phase
should be more conductive than the HII phase due to dimensionality. However,
in phytantriol, the Lα phase is much less hydrated than the HII phase and has
a smaller lattice parameter. Even though it is a 2D phase, it is likely to be
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less conducting than the 1D HII phase. This is confirmed in this thesis.
Intuitively, the most conducting phases will have the highest water content. Studies comparing the ion transport through phase changes at constant
hydration (therefore changing the temperature) have provided insight to the
influence of geometry on transport [23, 24, 94, 95]. For systems like phytantriol, the most studied phases are the Q224 and HII , the most hydrated and
most conducting phases[14, 23, 24, 94]. These two phases have the same water
content in excess water and so information about the influence of the geometry
on transport is revealed. The lower hydrations required to investigate other
phase transitions are more difficult to obtain and measure, making it harder
to compare the effect of geometry on ion transport in them.
Mezzenga et al [6]performed an interesting study of the monolinolein system
where the channel width was kept constant for the Q230 , Q224 and HII phases,
in order to properly investigate the effect of geometry. At 20% hydration,
additives were used to change the phase, keeping the water content and channel
width the same. The activity of an enzyme embedded in the phase directly
related to the phase topology. Q224 gave the highest activity followed by Q230 ,
due to the great connectivity between channels. The HII phase gave the least
activity in agreement with the geometrical arguments made above section and
with other literature. Without additives, Mezzenga[23, 95] and Boyd[4, 20, 21]
have both found that diffusion of drugs is ten times higher in the cubic phase
than the HII . Other inter-phase changes in the phytantriol system should
mainly follow the dimensionality rule. L2 being the least conductive, Lα second
(due to the water content) followed by HII and then the cubic phases.
In addition, the lattice parameter will exhibit intra-phase dependence with
the temperature and hydration. This will vary from phase to phase, as it will
be geometry dependent. The next section will address these individual phase
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dependences.
The effect of Hydration on the nanostructure
The intra-phase dependence of the lattice parameter with hydration will now
be addressed, starting with the lowest hydration.
At low hydration and at low temperature (20◦ C), the L2 phase is expected
to have a low conductance due to the lack of continuous water channels and
therefore connectivity. Conductivity studies of hydration on an L2 phase of
monoolein (and ethanol) by Efrat et al [96] found that conductivity increased
from practically zero to 10 µS/cm at 5-20% water. Efrat et al stated that the
L2 phase of high purity non-ionic surfactants have the same conductivity as the
continuous pure phase, and that isolated water droplets within a system like
phytantriol have little interaction with each other. Therefore, the conductance
will be very low at low hydration. Increasing hydration within this phase will
introduce more inverse micelles and their size will increase until they group and
combine to form the Lα phase, which will be a lot more conducting than the
L2 phase [97, 98]. Micelles have to move through the viscous bulk material to
conduct[99], of which there will be a greater amount at low hydration hence the
low conductivities involved. At higher hydrations, more micelles and less pure
lipid will allow for greater micelle mobility and ion transport. It is expected
that the conductivity will increase towards the phase transition and the phase
change to Lα will be accompanied by an even greater increase due to the
presence of continuous water channels. Other phases of phytantriol, such as
Lα , have a more ordered and well-connected structure.
X-ray scattering reveals structural information about mesophases. The
lattice parameter of the phase structure relates to the water content of the
lipid phase. In section 2.3.2, X-ray scattering of the phytantriol-water system
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has been described. Within each phase, increasing hydration will produce an
increase in the lattice parameter, a, for that phase as the structure swells.
Lamellar Phase For the Lα phase, the bilayer sheets will push apart, the
water sheet thickness will increase, and so will the conductivity. If a is the
lattice parameter determined from X-Ray scattering, then it is expected that
a = dw + db ,

(3.1)

where dw is the water layer thickness and db , the lipid bilayer thickness [100].
As the bilayers separate, conductance is expected to increase linearly with
equation 3.1. Within the L2 and Lα phases increasing hydration is accompanied
by more efficient ion transport. This is also the case for the other mesophases
present in the phytantriol-water system.
Cubic Phases Further increase in the water volume fraction of the system
will induce a phase change to the Q230 phase, followed by the Q224 phase, both
of which are 3D bicontinuous cubic structures. Cubic phases were introduced
in chapter 2.2.1 They have the most interconnectivity between water channels
and will have a high conductivity, as ions are free to move in three dimensions.
Using TPMS arguments [41, 43, 44, 92, 101, 102] the radius of the water
channels (r) in the Q230 and Q224 phases relate to the lipid chain length, Llip
according to,
r = 0.248a − Llip ,

(3.2)

r = 0.391a − Llip ,

(3.3)

and
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for the Q230 and Q224 phases respectively. These relationships originate from
work done by Turner and Anderson [92, 101] where the mathematical surfaces
of different bicontinuous cubic structures were linked to liquid crystal phase
geometries. They found that the volume fraction V , or hydration, relates to
Llip by,

ϕlip = 2A0

Llip
a



4
+ πχ
3



Llip
a

3
,

(3.4)

where A0 and χ have the values A0 =3.091, χ=-8 for the gyroid phase and
A0 =1.019, χ=-2 for the diamond phase[102]. The constants A0 and χ come
from the geometry of the phase. The Euler characteristic, χ, is negative and
becomes increasingly negative the more holes there are in the structure. A0 , is
the surface area per unit cell given as a dimensionless fraction of the unit cell
size. At a single temperature, the length of the lipid chain will be a constant.
The volume fraction, lattice parameter, aqueous channel width and transport
properties for cubic phases are all related via equations 3.4, 3.2 and 3.3.
The transport properties within the cubic phase will depend on the effect
of hydration on the channel width, or radius in this instance. Simple physical
arguments dictate that the channel radius will exhibit a quadratic relationship
with conductance, or ion transport. Mezzenga et al[44] used equations 3.2
to 3.4 to calculate the channel radius with changing hydration for phases in
monoolein, the results of which are shown in figure 3.4 where (a) and (b) are at
different temperatures. From this figure it is clear that hydration and channel
radius are essentially linearly related in cubic phases and therefore an increase
in hydration should result in a quadratic increase in conductance.
Hexagonal Phase The HII phase forms at higher temperatures than the
cubic and Lα phases. Again, water channel width increases with hydration.
In a similar manner to the cubic phases, the channel radius in the hexagonal
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phase can be found using geometrical arguments. The radius of the water
channel is,
r = a(1 − ϕlip )0.5

√ !0.5
3
.
2π

(3.5)

However, this phase is more complex as the lipid chain length is not constant
across the structure due to packing frustration in interstitial spaces[44, 46, 101].
Using the un-frustrated lipid length, Llip,U for the HII phase gives [46],
r=

a − 2Llip,U
.
2

(3.6)

Equating 3.5 and 3.6 together will give Llip,U . Assuming Llip,U remains the
same for any hydration of the HII phase, then the radius of the water channels
relates to the water volume fraction. For monoolein the relationship between
r and water content is linear (figure 3.4), therefore in phytantriol, a similar
trend can be expected. Conductance should therefore increase quadratically
with hydration in the HII phase.
In summary changes in hydration within each phase will cause a change
in the water channel width and therefore conductance. At low hydrations,
specifics behind the conductive properties of the L2 phase are not clear. It is
expected that higher water contents will conduct a lot more than lower and
that it will be a lot less conducting than the Lα phase. The Lα phase will
exhibit a linear increase in conductance with hydration as the bilayers are
pushed apart. The HII , Q230 and Q224 phases are expected to show a quadratic
relationship between hydration and conductance due to the radial geometry
of the channels. This is not the complete description of the contributions to
the conductance; temperature will also affect the nanostructure and also cause
changes in the water channel width.
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Figure 3.4 The radius (or thickness) of the water channel for
monoolein as calculated using equations 3.1 to 3.6 in (a) and by
field theory simulations in (b). Ia3d is the Q230 phase and Pn3m
is the Q224 phase. For (a), the Lα phase is 10% water and the
rest are 20% water. The Lα phase is at 30◦ C, the cubic phases
at 50◦ C and the HII at 75◦ C. For (b) different temperatures
are used (which are defined slightly differently due to the model
used), hence the difference in channel width. These figures show
that the trend of channel width with hydration is approximately
linear in each phase. Figure adapted from (a) [44] and (b) [103].

The Effect of Temperature on the Nanostructure
Within each mesophase at a single volume fraction, ion transport will have
a temperature dependence. Higher temperatures induce thermally activated
conformational changes to the lipid molecule [46], so the effective chain length
will decrease. The size of the entire nanostructure will fall in response with
equations 3.1 to 3.6 causing a reduction in the ion transport/conductance.
Mezzenga et al [44] also plotted how the nanostructure for phases of monoolein should change with temperature. This is shown in figure 3.5(a) and (b)
respectively. The radius (or thickness) of the water channels decreases with
temperature for all phases, however it is not a linear change in most cases. In
the same figure, (b) shows the respective lipid length and it correlates to the
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Figure 3.5 (a) The radius (or thickness) of the water channels (a) and length of the lipid (b) for monoolein as calculated
using equations 3.1 to 3.6. The Lα phase is 10% water and the
rest are 20% water. Figures adapted from [44].

channel radius (or width). Mezzenga used only equations 3.1 to 3.6 to plot the
graphs in figure 3.4, it is interesting to compare to experimental measurements.
There have been several studies into the nanostructure of lipids similar
to phytantriol. Briggs et al [43, 102] studied the effect of temperature on the
mesophases of monoolein. It was found that the lattice parameter of all phases
decreased linearly with increasing temperature for all phases except the Q230 .
This can be contrasted to measurements by Czeslik et al [104] who found an
exponential decrease in lattice parameter for the Q224 phase of monoolein with
increasing temperature. Czeslik took a lot more data points than Briggs et al
indicating that Briggs’ data appears linear when in fact it is not.
In contrast, studies of the Q224 phase in phytantriol have found that the lattice parameter decreases linearly with increasing temperature until the phase
transitions to HII [17, 19]. Another similar lipid, monopentadecenion, has also
found to exhibit a similar linear decrease in lattice parameter with temperature [102]. Only Czeslik is in agreement with the model plotted in figure
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3.5. Additionally, the lattice parameter of phytantriol has been found to vary
less with temperature than monoolein[17]. It can be concluded therefore, that
only studies on phytantriol will indicate the effect of temperature on the phase
structures.
For phytantriol, Baraukas et al showed that the lattice parameter for the
Q224 phase of phytantriol changes by 0.27 Å/◦ C and the Q230 phase by 0.1
Å/◦ C, hence the relationship of a with temperature is linear. The current
or conductance through these phase will quadratically increase with a linear
increase in radius, which follows from the liner increase in a as the two are
related by equation 3.3 and 3.2. It is clear from these equations that a change
in a in the Q224 phase will have a greater effect on the water channel width
hence the stronger temperature relationship. The lattice parameter in all phases of phytantriol decreases with temperature. It could be expected that the
conductance and ion transport inside each mesophase will also decrease with
temperature; however, the entire picture has not been discussed. The conductivity of the solution inside the channels will also exhibit a strong temperature
dependence.
The next subsection will address the factors that will contribute to the
measurement that do not specifically relate to the mesophases geometry. They
do however relate to solution inside the water channels. The conductivity
of the solution itself will have a temperature dependence. In addition, the
nanoscopic nature of the water confined within the channels will affect the ion
transport through the phases due to their surface energies. These factors will
be addressed in the next section.
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Non-Phase-Geometrical Influences

There are additional effects that contribute to the total conductance of a
mesophase. The conductivity of the solvent itself has a strong temperature
dependence. In addition, temperature sweeps and ramps could have an effect
on the domain boundaries present in the mesophase by thermally annealing
the structure[105–107]. A change in the amount of domains will alter the measured conductance. Furthermore, interactions between the lipid walls and ions
within the nanoscale channels will change at different temperatures and salt
concentrations, affecting the conductive properties. These effects and their
possible contributions to transport will be discussed in this section, starting
with the conductivity of the aqueous solution with temperature.
Temperature Dependence of the Solution Conductivity
As described in the previous section, increasing the temperature within a phase
causes a decrease in the lattice parameter, which acts to decrease the transport properties for the phase as the channel width decreases. However, in
addition, the temperature dependence of the solution within the channels also
contributes to the conductance. For moderate to highly conducting solutions
(>10 µScm) the increase in solution conductivity (κ) with temperature (T ) is
assumed to be linear[108]. It can be compensated for using a linear equation,
κT = κ25 [1 + 0.021(T − 25)].

(3.7)

Equation 3.7 describes that the conductivity will change by roughly 2% for
every degree Celcius[108, 109]. This change can be compared to the changing
geometry.
As described in the previous chapter, Baraukas found that the lattice para-
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meter for the Q224 phase changes by -0.27 Å/◦ C and that of the Q230 phase by
-0.1 Å/◦ C. As the lattice parameters for both phases are 66 Å and 100 Å, the
change in structure is -0.4%/◦ C and -0.1%/◦ C respectively. From figure 3.5 the
Lα phase of monoolein changes the most by -0.4%/◦ C. A 1% change in lattice
parameter will manifest in an 1% change in conductance via equation 2.7. As
phytantriol varies less with temperature than monoolein [17] the temperature
dependence of the solution inside the channels will dwarf the effects from the
changing nanostructure.
Domain Boundaries
Mesophase materials are comprised of small domains of phase with different
orientations to one another. A lack of connectivity between domains affects the
conductance. Domain boundary connectivity also follows the dimensionality
rule. 3D phases have the greatest possibility of domain connection compared
to other phases[110]. It might not be possible to notice the effects of domains
on the conductance of phytantriol systems, as they will be present in all phases.
However, temperature ramps could affect the amount of domains and reduce
their contribution to the measurement.
In materials science, thermal annealing can reduce the amount of domains[111–
113]. Annealing involves heating a material to just above or below the phase
change temperature so the individual atoms or polymer units can re-arrange
and settle into a more uniformly ordered structure upon cooling. It is very
possible that this effect could occur in a lyotropic system such as phytantriol.
The effect of domain elimination has been used by Park et al [78] and Valooran
et al [72] to measure an aligned (parallel and perpendicular to mass transport
direction) Lα and HII mesophase material and compare the conductivity with
one that is randomly oriented. They find that an aligned structure is a lot
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Figure 3.6 A comparison of the ion distribution in a negatively charged nanochannel and a microchannel. The double
layer has a great effect on the distribution of ions in the nanochannel, it is difficult for a negative ion to penetrate into and
travel down this channel. The debye layer in the microchannel
only affects a small part, normal bulk diffusion occurs in the
center of the channel. Image adapted from [114].

more conducting than one containing randomly oriented domains.
Debye Layer
Most mesophases are comprised of nanoscale water channels. Transport mechanisms inside nanoscale structures differ to bulk. Surface interactions and
interfacial effects are more important at this level as they can significantly
influence the conductive properties of a channel.
The double layer should be considered. It is comprised of layers of ions that
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are attracted to the lipid channel surface due to its charge. This layer has a
characteristic length scale known as the Debye length (ΦD ). Figure 3.6 shows
the effect of a surface charge on the electrical potential (due to the presence of
ions) and ionic concentration within a nanochannel and a microchannel. The
surface has a slight negative charge, as it does in phytantriol mesophases due
to the presence of the alcohol units in the head group. This attracts a layer of
positively charged ions, which is then screened by a layer of negative ions.
The effect of the Debye layer becomes more drastic the smaller the channel
width. In a microchannel, the Debye layer is short relative to the channel
width and the surface charge only affects the edges. The ionic concentration
for positive and negative ions is equal in the centre (and majority) of the
pore. Similarly, electrical potential only deviates from 0 at the very edges due
to the layering of ions. Therefore, normal diffusion and ion transport occurs
in the central region. Comparing this to the nanochannel, the slight surface
charge has a great effect on the electrical potential and ionic concentration.
The Debye layer at each edge overlaps, so the influence of the surface charge is
extended through the entire channel width. The layer of positive ions cannot
be properly screened and the electrical potential in the pore does not go to
zero as with the microchannel. Therefore, fewer negatively charged ions will
penetrate through the pore and there will be an unequal concentration of each
counter ion.
Debye layer can be found and compared to the size of the aqueous channels
in phytantriol. It is inversely proportional to the concentration of ions (Ci ),
and proportional to the temperature T in solution,[115],
r
ΦD =

εr ε0 kB T
.
2NA e2 Ci

(3.8)

Constants εr ε0 , kB , 2NA and e are the dielectric constant for the solution
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(4.8/ε0 for KCl[116]), the permittivity of free space, Boltzman’s constant, Avagadro’s number and the charge of an electron respectively. So at low concentrations and in small channels, the Debye length and influence of the double
layer is great[117]. For KCl the Debye length will be around 23.8 Å in 1 mM
at 25 ◦ C or 24.2 Å at 35 ◦ C, and in 1 M KCl it will be 2.38 Å at 25 ◦ C or 2.42
Å at 35 ◦ C. A change of 10 ◦ C only changes the Debye length by a few Å. The
pores within phytantriol are sub 5 nm, so the influence of the surface charge
at low ionic concentration will therefore have a great effect on the transport
properties measured.
The influence of surface charge on the ion transport within nanochannels
is so great that they can act as ionic diodes[117–120]. The double layer can
change the ion transport such that ions of a specific size and/or charge are
completely repelled out of the channel, or cannot move within it. This is useful for water purification as well as devices that perform ionic circuitry and
logic[121, 122]. Studies into the diffusion of drugs from the cubic phase of
phytantriol have shown that it has smaller channels than monoolein and is
therefore better suited to the sustained release applications due to slow ion
transport[5]. This, however, indicates that the small channels have the potential to rectify ions. Studies in this thesis have used an electrolyte with small
ions of similar size (potassium chloride) at varying concentrations, or impure
water to reduce possible rectification effects that could interrupt characterization of the conduction of a mesophase.

Chapter 4
Ionic Transport Through
Lyotropic Phytantriol-Water
Mesophase Transitions
4.1

Chapter Outline

The need for continuous monitoring of phase progression was highlighted in
the literature review. It allows for the transport dependence with hydration
and temperature to be determined for many phases and their transitions. In
addition, the discovery of new non-equilibrium phases is possible as the sample is small and parameters can be altered quickly. A new hysteretic phase for
phytantriol is presented in this chapter due to the dynamic nature of the experiment. This chapter will present the results from continuous monitoring of
the phase progression of phytantriol. A droplet of pure lipid on a temperature
stage was surrounded with water to allow access to most of the phase diagram.
Conductance was measured over the droplet-water boundary as solution diffused into the centre and the phases were identified with cross-polarizers. Firstly,
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the motivation behind the experiment will be discussed along with a brief description of the experimental scheme. After which the equipment and set-up
will be introduced. The results section will be presented alongside a discussion and is split into 3 sections. The first will present the results as a whole,
explaining the data obtained. The second and third sections will present the
lyotropic and thermotropic transitions in detail. The results of this experimental work will be discussed with respect to the relevant literature applying
knowledge of mesophase structure and geometry to the measured conductance.

4.2

Introduction

As discussed in chapter 3, most conductivity measurements of oil-water phases have been limited by the need for particular volume fractions[72, 79, 88,
96, 110, 123]. This provides reliable information on equilibrium phases but
it is not effective for non-equilibrium and metastable phases[14]. Humidity
has been employed as means for continuously altering hydration and driving
mesophase progression providing a more dynamic measurement [88–91], as discussed in 3.2. This has allowed for temperature [51, 93] and hydration [51, 88]
dependent conductive properties of mesophase changes to be measured. Humidity measurements however, rely on the equilibration of a mesophase film with
a vapour phase which is limited by the film thickness and is therefore not scalable. There are further complexities introduced by the gas-liquid mesophase
interface such as the vapour pressure and Schroeders paradox[30, 124–126];
which describes that in 100% RH a polymer or lipid cannot swell to a similar
extent as it would in excess water. In addition, pure water is quite resistive
adding extra complexities into the measurement. In order to overcome issues
with the use of humidity as hydration control, it was deemed best to form
phase progression at the edge of a droplet of phytantriol in true excess water
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Figure 4.1 A droplet of lipid will absorb water forming each
mesophase as time progresses. Water will continue to be absorbed with the most fully hydrated phase at the edge of the
droplet and the least in the center. The scale bar on the photographs is 1 mm.

conditions [12, 13, 123, 127].
When water is introduced to the surface of a low-hydration droplet of an
amphiphilic lipid, it is taken up by the droplet gradually. This is shown in
figure 4.1. Initially the lipid droplet is in the lowest hydrated phase, with only
the edge in contact with the water. Figure 4.1 shows a schematic of the initial
pure lipid droplet at 25 ◦ C in (a) and 50 ◦ C in (c). Over time, more water
is absorbed into the droplet and a hydration gradient builds up inside. This
hydration gradient causes the lipid to form particular mesophases at specific
positions in the droplet, labelled in (b) and (d) of figure 4.1, which move
as more water is absorbed. The specific positions of each mesophase in the
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droplet therefore correspond to particular hydrations in which they form. The
arrows in figure 4.1(a) to (d) indicate the direction of water absorption, the
most hydrated phase, at the edge of the droplet cannot absorb more water but
water can still travel through to the centre of the droplet. Eventually, if left
for long enough, the entire droplet will consist entirely of the most hydrated
phase.
Each mesophase boundary evolves in time and space and can be tracked
with polarized light, from the edge of the droplet inwards, if optically active.
This is a well known technique commonly used to identify the phase behavior
of a newly discovered amphiphile [13, 127]. Provided the absorption is quantifiable, it should be possible to reproducibly track and control the mesophase
progression.
For this study, the conductance of the mesophase progression was measured
by placing a phytantriol droplet over two electrodes. The droplet was confined
between two glass slides to control the hydration conditions. A hydration
gradient was introduced by surrounding the droplet with water. Mesophases
formed at specific hydrations and as more water was absorbed, these moved
further into the centre of the droplet, passing over the electrodes as they went,
as indicated in 4.1. These electrodes were small enough for the measurement
to be confined to a single mesophase due to their separation by a 30 µm gap.
Continuous conductance measurements allowed the hydration to be tracked, as
well as the lyotropic mesophases and transition regions to be investigated. A
heating element was used for temperature sweeps to also measure thermotropic
transitions.
In this chapter, it will be demonstrated that this simple scheme allows
for the identification and measurement of the conductance properties of individual mesophases with increasing hydration and temperature, as well as

4.2 Introduction

61

phase transitions. It will be shown that the L2 , Lα and Q230 phase increase in
conductance with hydration and temperature. Thermotropically driven phase
changes exhibit characteristic behaviour depending on the transition. The conductance increases linearly in each mesophase, as expected due to Arrhenius
transport, up to each phase transition. The Q230 to mixed L2 +HII displays a
reversal in temperature dependence, whereas its transition to mixed L2 +HII leads to an abrupt decrease of around 50% in conductance followed by a positive
temperature dependence. Interestingly, we discover a previously unreported
birefringent phase at 25 ◦ C between the Lα and Q230 phases, which appears
only after a thermal cycle.

4.2.1

Experimental Scheme, Methods and Materials

This methods section will contain a detailed description of the experimental
scheme including a discussion describing the individual components that form
the set-up.
A droplet of pure phytantriol was placed over two electrodes and sandwiched between two glass slides. Water was injected to surround the lipid and
an alternating potential applied. Hydration over the electrodes increased with
time and the measured alternating current corresponded to phase increasing
water content inside the lipid. Figure ?? shows the electrode during the experiment at room temperature in (a) and at 50 ◦ C in (b). The dark strip
is the gold electrode surface, which is split in two. Micrographs taken using
polarized light shows the birefringent mesophases which are indicated on the
figure. Each mesophase boundary indicates the hydration at that position on
the electrode surface.
It has already been introduced in the previous section, that a droplet of
phytantriol was confined between two glass slides for measurement. This was
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Figure 4.2 Mesophase formation over the electrodes, pure
water is on the left hand side of the micrograph, pure lipid to
the right. The electrodes appear as a dark strip over which the
bright birefringent phase can be seen. The gap between each
electrode is indicated on each micrograph. (a) Room temperature mesophases. The birefringent phase is the Lα phase so
the Q230 phase forms to its left and the L2 phase to its right.
(b) Higher temperature mesophases. The birefringent mesophase is the HII phase, which is towards excess water. The less
bright area next to the pure HII phase is a mixed HII + L2
phase. Further towards the right of the micrograph is the pure
L2 phase. Scale bar on micrographs is 1 mm.

not to apply pressure to the lipid but to contain it, reducing water evaporation
during the experiment. This containment also ensured an even distribution of
phytantriol over the electrode at a constant height, allowing for even water
absorption through the lipid. The flatness of the sample also increased the
birefringence clarity and image quality. When prepared, the glass slide cell
was placed on a peltier heating element attached to a power supply, this could
perform temperature sweeps in the desired range of 25 ◦ C to 60 ◦ C. A diagram
of the set-up, showing the glass slide cell on the peltier element, is shown in
figure 4.3. Two calibrated Pt(110) thermometers were used to measure the
temperature of the heating element and the top glass slide. This gave an
indication of internal temperature of the cell and the lipid mesophases.
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Figure 4.3 (i) Schematic arrangement of the glass slides,
thermometry and microscopy. (ii) A schematic birds-eye view
of the slides, droplet and electrodes. A semi-circular droplet of
phytantriol is placed at the top edge, while water is introduced to the remaining space. Conductance is measured across
a small gap between the electrodes. (iii) and (iv) Schematic
illustrations of how the hydration evolves with time. Scale bar
on micrographs is 1mm.

Phytantriol was placed on top of the evaporated gold electrodes with the
edge of the droplet over and close to the gap, as shown in figure 4.3(iii). As
water was introduced to surround the lipid droplet a mesophase progression
formed which moved parallel to the electrode axis, noted as x in figure 4.3.
Taking a 1D slice along the axis of mesophase movement shows the initial
abrupt difference in hydration at t = 0. The hydration of the phytantriol
droplet is initially low with the surrounding hydration outside of the lipid
droplet always high, at 1. As time progressed the hydration of the droplet
increased at the edge close to the water, shown in figure 4.3(iv). The first
phase to form was the lamellar (Lα ) phase (as the inverse micellar, L2 , phase
forms at low hydration), which then progressed into the centre of the droplet
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Figure 4.4 The conductance of low concentration KCl + ultrapure water solutions in the same cell, the conductance of
the distilled water used for the main experiment is indicated
by the black line around 3750 nS. Some of the ultrapure KCl
solutions are less conducting than the distilled water used for
the experiment, showing that the impurity level is equivalent
to 0.75mM KCl.

to be replaced by the gyroid (Q230 ) phase as indicated on the phase diagram
in figure 2.2.
During this progression, a quasi-DC alternating potential was applied to
the electrodes and the in-phase and out-of-phase current was measured, as
indicated in figure 4.3. This current increased with time and water content.
It also increased with temperature within a single mesophase until a phase
change occurred, where it would decrease whilst during the transition. The
newly formed thermotropic phase would have a different conductance property
to the low temperature phase. The temperature was swept quickly ensuring
that thermotropic phase transitions could be induced and measured within
each mesophase as it crossed over the gap. More details about the individual
components of the set up will follow.
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The gold electrodes were measured without the phytantriol in differing
concentrations of KCl solution (made with ultrapure water) in order to obtain
an approximate geometrical factor, the graph showing the results is in figure
4.4. This was compared to the conductance of the blank electrodes in the
distilled water used for the main experiment. The conductance across the
electrodes scaled linearly with concentration between 0.1 mM and 1 mM KCl
which removes any non-linear contribution from Kholrausch’s law. This gave
a geometrical factor of approximately 5 ×103 m−1 , this value is just a guide to
indicate the impurity content of the water used however, it could, in principle,
convert the conductance measurements into conductivity.
Electrode Fabrication
Two glasses slides formed the measurement cell. The lower slide had the
evaporated gold electrodes on, and the top was blank. The top slides were
sonically cleaned in acetone, isopropyl alcohol and water before use and the
bottom slides were cleaned with this method before being loaded into the
evaporator. Approximately 300 nm of gold was evaporated on top of a thin
aluminum adhesion layer (approx. 5nm thick) in a strip (1mm wide) using a
shadow mask. A diamond scribe and ruler were used to scratch a small gap
between the electrodes to separate them by roughly 30 µm. Thin 25 µm thick
gold wires (Materion) were silver pasted (RS components) on each of the gold
electrodes at the edge of the slides and layers of adhesive tape approximately
120 µm thick were used as spacers to separate the glass slides. An approximate
cell constant due to geometry is 1 ×106 m−1 , which can be compared to the
constant obtained using KCl solutions with ultrapure water. The KCl solutions
give a much smaller cell constant as the gold electrodes were much thinner at
one edge than the other.
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Sample Preparation
A small amount of phytantriol was deposited on to the glass electrode with its
edge close to, and over, the gap between the electrodes. A top slide was used
to squash the droplet to the height of the spacer layer and the two slides were
clamped together using office clips. Water was injected into the gap between
the slides to surround the lipid. Care was taken to ensure that there were no
air bubbles formed between the slides.
Equipment
Figure 4.3(i) shows the experimental set up. Two orthogonal linear polarisers
at a 90◦ angle from each other, one in front of the LED light source and
another in front of a Dinolite microscope were used to observe the birefringent
mesophases. A peltier element (RS components) and two calibrated Pt(100)
temperature sensors (also from RS) were used to control the temperature of
the lipid sample and sweep the temperature with a rate of 1.56 ◦ C/min. An
AC lock-in amplifier from EG&G was used to apply an alternating potential
at 100 mV with a frequency of 13.2 Hz and measure the respective in-phase
and out-of-phase currents.
Reagents
Distilled water (Fisher Sci) was used without further purification. Phytantriol
(95%) was a gift from Adina and acetone, ethanol and isopropyl alcohol from
Sigma Aldrich were used for cleaning.
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Results and Discussion

In this results section, the main findings from the experiment will be discussed in three sections. Firstly, the hydration and temperature control will be
addressed, with relation to mesophase progression as a whole including the
identification of a new hysteretic mesophase. After which thermotropic and
then lyotropic transitions will be presented and discussed in detail relating the
measured conductance to mesophase transitions.

4.3.1

Hydration and Temperature Control, Experiment
as a Whole

The entire measurement took 1600 minutes and involved the measurement of
the lyotropic transitions L2 →Lα and Lα →Q230 as well as the thermotropic
transitions Lα →L2 , Q230 → [mixed L2 +Q230 ] and the Q230 → [mixed L2 +HII ].
The Lα and HII phases are birefringent and so these aided the identification of
the other surrounding phases. Figure 4.1(a) in the introduction shows typical
images taken at room temperature, when only the L2 , Lα and Q230 phases can
be formed, as well as at 50 ◦ C where the L2 and HII phases are formed, with
a mixed phase in between the two. Dark regions over the electrode indicate
non-birefringent phases (Q230 and L2 ) and the light regions, birefringent (Lα
or HII ). It can be seen that the mixed L2 and HII phase is also birefringent.
With time, the phases seem to move from left to right as the hydration
inside the droplet increases shown in figure 4.5(b). These micrographs show
their position moving and their area expanding with time. We can compare the
hydration of the optically active mesophases to a particular hydration using
the phase diagram, the Lα phase occurs at 6-14% hydration (n) and the bright
HII phase is at 20% water onwards. These optically active mesophase act
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as constant hydration contours in time-position parameter space from which
hydration can be interpolated and so noting their position with time shows
the mesophase progression over the electrode, in figure 4.5(c).
The conductance was constantly measured as the experiment progressed,
temperature sweeps were performed intermittently at a short timescale compared to the mesophase progression so they could be confined to a single phase.
A plot of the total measured conductance and temperature with time is shown
in figure 4.5 (a), the timescale of the temperature sweeps can be compared to
the timescale for the whole experiment. Each temperature sweep corresponds
to an increase in conductance due to the Arrhenius nature of water. Looking
closer at figure 4.5(a) it is clear that some temperature sweeps exhibit a reduction in conductance at a particular point in time and temperature. This
is due to a mesophase change and can be correlated to the changing mesophase landscape at higher temperatures. As the temperature is swept, room
temperature phases disappear and thermotropic phases appear indicating a
movement of the whole system to a higher temperature and a different isotherm of the phase diagram. We know, from birefringence, which mesophases
are over the electrode gap during the measurement and so the conductance
measurements can be correlated to phase changes. Micrographs taken throughout each temperature sweep are shown in the appendix in figure A1 with
lyotropic and thermotropic micrographs shown in more detail in figures A2,
A3 and A4. As each phase acts as a hydration contour, these points can be
overlaid on the phase diagram in figure 4.6.
In addition to the already established phases, a new birefringent hysteretic
phase was observed in between the Lα and Q230 phases but only after temperature sweeps, after which it slowly disappears. This is shown in figure 4.7 (a)
indicated by the pink ovals and can also be seen in figure 4.5 (b) after the first
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Figure 4.5 (a) Conductance and temperature data for the
entire experimental run. Each temperature sweep corresponds
to a conductance increase and the arrows correspond to images in (b). (b) Micrographs taken at notable times during the
experiment, the time increases with each number or letter on
the image. Each letter and number corresponds to an arrow in
(a), and the yellow arrows on the micrographs indicate the electrode gap where the measurement is taking place. The mesophase present and being measured over the gap is noted on the
micrograph. The scale bar on the micrographs is 1 mm. (c)
Position of each phase boundary measured from micrographs
along the lower (l) and upper (u) edges of the electrodes, the
gap is set to zero. Solid lines are calculated boundaries from
fitting a diffusion equation to the points along position=0, as
described in section 4.3.3.
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Figure 4.6 Data points for the measured phase transitions
from this experiment superimposed on the phase diagram by
Barauskas and Landh [11] in which time has been converted to
hydration using a 1D diffusion equation, see discussion in 4.3.3.

temperature sweep at room temperature, from number 2 onwards. The images
in figure 4.7(a) correspond to conductance and temperature data in (b). In
figure 4.7 (a) number 1, initially, at room temperature, the only bright band
is the Lα phase, this is grainy and inhomogeneous, there are no other bright
bands that were attributed to mixed phases at this point. In images 2, 3 and
4 of the same figure, a temperature sweep removes the Lα phase to produce
a bright band of HII further towards the more hydrated region, the left hand
side, of the electrode. Next to this bright hexagonal band is a dimmer stripe
of the mixed HII and L2 phase. The next image, 5, shows the return of the Lα
phase over the electrode gap at around 30 ◦ C. At room temperature in 6, there
is a bright stripe next to the Lα phase. This is the hysteretic phase (T, for
thermally induced) and it is unknown what lipid arrangement it is composed
of to make it more birefringent than the Lα phase next to it. This phase contracts over time until it disappears, being swallowed by the Q230 phase, until
the next temperature sweep induces its formation again. Another interesting
observation is that it is also removed at a lower temperature than the Lα phase
as seen in figure 4.7(a)10+11, of which 11 is a higher temperature than 10. The

4.3 Results and Discussion

71

new T phase appears to be more rigid than the other phases due to its static
nature, as it does not progress with the other phases and instead is consumed
by Q230 . At this this time is is difficult to speculate on the composition of the
new T phase without further measurements.

4.3.2

Thermotropic Transitions

The two-terminal conductance was measured throughout the mesophase progression and temperature sweeps. As mentioned in the previous section, clear
changes in conductance, beyond typical Arrhenius behaviour, were measured
for each temperature sweep due to phase transitions. A closer view of the
conductance during temperature sweeps can be seen in figure 4.7(b), these will
be discussed in chronological order.
At first the gap is covered with a low hydration L2 phase, at t=20-100
min and n <6 % shown in fig4.7(b(i)). Increasing the temperature within this
low hydration L2 phase caused an increase in conductance by approximately
an order of magnitude. In this phase, there is a lack of continuous water
channels as the L2 phase is composed of closed inverse micelles, resulting in a
low conductance.
Phases with a more continuous water landscape, such as the Lα phase,
have a much greater conductance due to water channels that run from one
electrode to the other. When the Lα phase covered the electrode gap at t=450
min, shown in figure 4.7(b(ii)) and (a)1-8, the conductance was orders of magnitude above the noise floor and the conductance of the L2 phase. Ignoring
the temperature sweep, the conductance increased slowly with time as the Lα
phase became more hydrated. With increasing temperature the conductance
increased monotonically even through the phase change to L2 . The rate of
change of G remains the same before and after the temperature sweep, indica-
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Figure 4.7 The conductance measured through a selection of temperature sweeps
changing the phase of the lipid over the electrode gap. Images of the electrode
taken a different times in (a) correspond to the number labels and conductance
features in (b). (b(i)) the first temperature sweep in the low hydration L2 phase,
the conductance increases with temperature but not completely linearly. (b(ii))
shows a temperature sweep to induce a change from Lα to L2 , the small bumps
at 2 and 5 indicate the phase change corresponding to the removal of the bright
Lα from the electrode gap indicated by images 1-6 in (b). After the temperature
sweep the Q230 phase moves to cover the gap, correlating to images 6-8. (b(iii))
Two temperature sweeps to change the phase from Q230 to Q230 +L2 or HII +L2 ,
corresponding to images 10-13 and 14-17 respectively. The mesophase present and
being measured over the gap is noted on the micrograph.
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ting that the sweep did not affect the hydration over the gap. Notably, there
are defined kinks in the conductance, which correspond to the disappearance
(or reappearance upon cooling) of the Lα phase from over the gap. This is the
conductance measurement of the Lα →L2 phase change. Interestingly, there is
not much change in conductance from one phase to the other, even though the
L2 phase is not continuous and was previously quite insulating. As discussed
previously in chapter 3 and in the introduction to this chapter, it is expected
that each mesophase will have a conductance that relates to its dimensionality.
The Lα phase is 1D and the L2 , 0D. It is expected that the L2 is much less
conductive than the Lα . Early on in the experiment this was the case but this
later temperature sweep indicates that there is a significant difference between
low and high hydration in the L2 phase. This points to the possibility of a
different transport mechanism within the L2 phase which will be addressed
more in section 4.4.
At higher hydration, temperature sweeps led to a more dramatic change in
conductance (fig. 4.7(b(iii)) and (a)10-17 at t=850-1000 min). The Lα phase
crossed over the gap and at room temperature, the non-birefringent Q230 phase
covered it. Sweeping the temperature induced a phase change from the Q230
to a [mixed L2 +Q230 ] as the L2 phase did not fully form; there was no conductance dependence in the new phase. Both phases are optically inactive and so
the conductance measurements and phase diagram were used to confirm the
phase transition. It is expected that the pure L2 phase would have a positive
dependence with temperature but this was not observed, as the temperature
did not reach a high enough value to complete the phase transition. The mixed
phase has a negative dependence with temperature as the concentration of the
Q230 phase is reduced with increasing temperature. Sweeps taken in succession, (see appendix A.1) show the increase in temperature required to form

4.3 Results and Discussion

74

Figure 4.8 The conductance data plotted with time to form
a conductance phase diagram. The location of the dotted phase
boundaries are not exact and are to indicate the approximate
locations of each phase. There is different conductance behaviour through the phase transitions depending on the mesophases
involved.

this mixed phase which is consistent with, and highlighted in pink on, the
phase diagram in figure 4.6 confirming the composition of the measured high
temperature phase.
With increased water hydration and time, the conductance continues to
increase. The gyroid phase still covered the electrode gap but temperature
sweeps induced a transition to a birefringent phase. This new phase shown in
4.7(a)14-17 is a mixed HII and L2 phase as the pure HII phase was formed in the
more hydrated section of the droplet to the left of the gap. The conductance
fell dramatically at the phase change in figure 4.7(b(iii)), akin to the other
phase transitions, however it began to exhibit a new temperature dependence
in the new phase. This thermotropic phase was fully formed unlike the previous
mixed Q230 and L2 .
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For a global comparison the conductance data for the whole experiment is
plotted against temperature in 4.8. This is the conductance phase diagram.
The dotted lines are used to indicate the approximate locations of each mesophase that was measured. Both the thermotropic phase changes Lα →L2 and
Q230 →HII +L2 , show a abrupt change in conductance followed by temperature
dependence in the new phase. This is in contrast to the Q230 →Q230 +L2 where
the transition changes from a positive to gradual negative dependence. This
is expected as the the L2 phase increases in concentration with temperature.
As the concentration of the Q230 phase decreases, continuity between aqueous
channels is reduced and the conductance decreases. The other two transitions
do not have a phase in common after the transition, so the change of structure and conductance is fast. Note that there are two temperature sweeps in
the conductance phase diagram that do not induce a phase change, this is at
n=18% where the Q230 phase requires a higher temperature to transition, in
corroboration with the phase diagram.
A single measurement over a time period of 26 hours has been presented
and discussed so far in this chapter. The final temperature sweep (not shown)
melted the mesophases causing the solution and lipid to flow from the electrodes. Hence, the Q224 and pure HII mesophases were not measured. In order
to do this an additional experiment was performed which will be described in
the next subsection.
Additional High Hydration Measurement
The second measurement only involved temperature sweeps once the cubic
phase was over the electrodes. Two temperature sweeps were confined to the
excess water regime after waiting a significantly longer time before sweeping the
temperature than in the first experiment. Results of temperature sweeps are
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Figure 4.9 The conductance measured through temperature
sweeps from the excess water Q224 phase to the very bright pure
hexagonal phase. The numbers on each micrograph correspond
to the numbers on the graph indicting the time at which they
were taken. The mesophase present and being measured over
the gap is noted on the micrograph.

shown in figure 4.9. A cubic phase is present over the gap at room temperature
in image 1, as the temperature increases the phase begins to change at 2. At
3, the bright pure HII phase is formed over the gap with the less bright mixed
phase next to it. The cubic phase over the gap is assumed to be Q224 due to
the long time period involved.
The conductance decreases during the phase transition from Q224 →HII .
This is in line with the expectations from Arrhenius based transport. However,
half way through the temperature sweep, the conductance begins to plateau.
Looking back to the phase diagram in 2.2, there is no co-existence region for
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these two phases. The Q230 to HII +L2 transition occurred with no co-existence
and the transition was fast and sharp. Therefore, this plateau region could
indicate that the phases are less hydrated than first thought. This transition
could be a mixed cubic to pure HII instead although this is unlikely as the
hydration region for mixed phase is very narrow. Additionally, it indicates that
there are intermediate stages during the phase transition, such as domains of
HII phase forming lowering the conductance partially [7].
Caution was required to control the temperature to avoid melting the HII
phase. If the temperature increased too far, the transition of the most hydrated
HII phase to L2 would cause the whole system to flow. It is known that the
most hydrated Q230 and HII phases are the most viscous, and in this case,
they help hold the droplet in place against static forces. This indicates that
there must be differences in interfacial energies with the presence of stress
and strain, which could have some influence on phase propagation across the
electrode. The movement of mesophases along the electrode will be addressed
in the following section as the conductance measurements of lyotropic phase
transitions are discussed in more detail.

4.3.3

Lyotropic Transitions

Throughout the entire measurement, water was hydrating the phytantriol and
moving into the droplet introducing new phases over the electrode gap with
time. The thermotropic phase transitions from one phase to another have
been discussed in the previous section. Here, the lyotropic transitions will be
addressed, these are L2 →Lα and Lα →Q230 in order of increasing hydration.
The lowest hydration is around 5% water, where phytantriol is in the L2
phase. With increasing hydration the first lyotropic transition is L2 to Lα .
Figure 4.10(a) presents conductance data through the L2 →Lα transition. This
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transition was confirmed with the cross-polarisers as the birefringent Lα phase
was seen crossing the gap in the images 1-6. Small numbered conductance
increases are attributed to areas of Lα phase crossing over the gap as the phase
front here was not linear. The central part of the front seemed to be stuck,
possibly due to some interfacial stress or strain at the electrode gap, so the
top finger of Lα phase grew laterally until the electrode gap was covered. This
indicates the complexity in the movement of the phase front due to unknown
interactions with the surface and between phase boundaries.
In contrast, the other end of the Lα phase had a more even phase front,
maintaining a curvature that is indicative of the original droplet shape and
much bigger than the electrode width. The next lyotropic transition was
Lα →Q230 , which was seen as the Lα phase leaving the electrode gap. Figure
4.10(b) shows the conductance measurements over this phase transition along
with images of the electrode surface. The measured conductance saturated
at the edge of the Lα phase (image and point 10 in figure 4.10) until part of
the Q230 phase crossed over the gap, causing a rapid increase in conductance
(image and point 11). At this point, the Lα phase could possibly have been at
saturation hydration leading to a conductance plateau, indicating a hydration
barrier that must be overcome to hydrate and cause the rearrangement of lipid molecules into the Q230 phase. However, discussed previously, the actual
phase propagation and interfacial interactions are unknown and the electrode
gap could hinder movement.
To examine the movement of the phases across the electrode surface further,
the distance of each phase from the electrode gap has been plotted showing
the progression of the phase boundaries in figure 4.11(a). Distances at the top
and bottom of the electrode surface were plotted with time, with the electrode
gap at position 1480 µm (the graph from figure 4.5(c) has been converted to
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Figure 4.10 Conductance measured through the first (a) and
second (b) lyotropic phase transition, L2 →Lα and Lα →Q230
respectively with the numbers on the graph corresponding to
images to the right. Small features in the conductance relate
to the movement of the phase front over the gap (of which is
highlighted by the yellow arrows). The mesophase present and
being measured over the gap is noted on the micrograph.

re-position the data so there are no negative values). The water content, or
hydration inside the lipid droplet will now be reffered to as n where n =0.1
is the same as 10% water content. This includes the high temperature phases
transition from L2 → mixed HII and to pure HII . The water seems to diffuse into
the lipid droplet with a well-defined rate. As a first and gross approximation,
solving a minimal one dimensional diffusion equation where water content n is
described by
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Figure 4.11 (a) The position of each phase front on the electrode surface with respect to the electrode gap, showing how
they move over the electrode with time. Red circles is the
L2 →Lα phase front, black squares the Lα →Q230 front, turquoise downwards triangles the L2 →HII +L2 and the blue upwards triangles the HII +L2 → pure HII . This is a log-log plot
of adjusted data from a previous figure, figure 4.5(c). The lines
for each set of data are from fits obtained from using equations 4.1 - 4.3 modeling the movement of each phase boundary
across the electrode surface, where the gradient is related to the
diffusion of each phase boundary. The inset shows the model
presented in equation 4.3 fit for each lyotropic phase boundary
at the time it reaches the electrode gap where n=nb . (b) The
conductance measured throughout the entire experiment with
the lyotropic phase transitions highlighted by gray boxes and
the increase of water content within the Lα and Q230 phase
highlighted with pink dotted lines, showing a linear increase in
conductance with hydration.

∂n
− D∇2 n = 0,
∂t

(4.1)



d
+ noffset ,
n = n0 1 − erf √
2 Dt

(4.2)

that is,


where d is the distance from the original lipid-water droplet interface to
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the electrode gap, which is static and D, is the diffusion constant which is
independent of n [128]. The term n0 is the maximum hydration that the lipid
droplet could reach which is a fitting parameter. As the phytantriol is not
pure to begin with and likely has an initial water content of noffset through the
preparation process, then it follows that the position d of any particular phase
boundary determined by hydration n = nb will progress according to
−1

d = erf




n0 − nb + noffset √
2 Dt.
n0

(4.3)

Looking back at figure 4.11(a) the gradient of position with time on a loglog plot is around 0.5, indicating that diffusion is the dominant process for
water uptake and that phase transitions occur at fixed values of n = nb . To
estimate the hydration at the electrode gap, the hydration of the transitions
L2 →Lα at nb =0.063, Lα →Q230 at nb =0.139, L2 →L2 +HII at nb =0.177 and the
transition L2 +HII →HII at n=0.203 (from Barkusas et al) were used for to
fit equation 4.3, as they correspond to the time that the phase reached the
gap. The hydration values can be converted into time and visa versa using
equation 4.3. For this fitting, the distance d is 1480µm with noffset , D and n0
are fitting parameters. The most hydrated phases can contain around 28%
water depending on the temperature, which is reflected by the fitting value of
n=0.252 regardless of pure water being n=1. The inset in figure 4.11(a) shows
the fit to three of the phase transitions yielding n0 =0.252, noffset =0.053 and
D=0.29 × 10−10 m2 s−1 . Including the high temperature transition mixed HII →
pure HII made the fitting difficult, so only three were used. The simple model
agrees reasonably well for the propagation of three of the phase transitions and
over-estimates the progression of the pure HII phase front. Phytantriol swells
as it absorbs water so the position of the droplet edge moved by over 100 µm
by the end of the experiment, so the phases that are more hydrated will not
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completely fit the model. This explains the discrepancy for the transition to
pure hexagonal. The result of this fit shows that the Lα phase diffuses faster
through the lipid droplet than the Q230 phase.
Nevertheless, this treatment allows for the conductance data to be plotted
against hydration instead of time in figure 4.11(b). Regions where a single
pure phase front passed over the electrode are highlighted by the grey boxes.
Dashed lines are laid under the data where the lyotropic transitions occur to
guide the eye. These data imply that the conductivity increases approximately
linearly with water content within a single phase and that the gradient changes
depending on the phase.

4.4

Further Discussion

It is important to discuss how the geometry of each mesophase affects the
electrical measurements. As stated in 3.3.1, the conductance of a mesophase
is proportional to its dimensionality and connectivity[14, 93]. It is therefore
expected that a phase change between phases of different dimensional order
will cause a dramatic change in conductance. This experiment found that the
most conducting phase was the Q230 . The Q224 phase and its high temperature
counterpart, the HII phase, is expected to be even less conducting as confirmed
in the second experiment shown in figure 4.9. The next most conducting
phase was the mixed HII +L2 phase followed by the mixed Q230 +L2 . There is
ambiguity as to which phase is the least conducting. The L2 phase formed by
increasing temperature from the Lα phase was at least similar in conductance
to the Lα phase, shown in figure 4.7(b(ii)) and 4.8. At lower hydrations L2
was the least conducting, even at elevated temperatures (see 4.7(b(i))). This
warrants further discussion.
The inverse micellar mesophase has the lowest dimensional ordering of all
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the mesophases of phytantriol. It should be less conductive than the Lα , Q230
and HII phases including their mixed counterparts. During the experiment,
the conductance is initially low, (around 10−10 S) but the second temperature
transition from Lα →L2 showed a huge unexplained increase in the conductance
of the L2 phase to 10−8 S. When the L2 phase is formed from heating the Lα
phase at 450 mins, the two phases have the same conductance relationship
with temperature, with a similar gradient in figure 4.8. This contradicts the
argument that conductance is proportional to dimensionality and connectivity;
however there is an alternative explanation for this high conductivity.
The inverse micellar phase is, in a way, a 3D mesophase. Although the
water is confined in small droplets (0D), these can manouver in 3-dimensions
bumping into each other and clumping. Lagues[31] did some of the first conductance investigations into inverse micellar phases and found that above a
certain water droplet volume fraction, the conductance dramatically increased. Further work by Moulik[129–131] found that a similar effect occurred
with increased temperature and was due to the percolation of micelles. This is
a phenomenon where micelles cluster and fuse, transferring ions between them
and then separating again which manifests as a sharp 100 - 1000× increase in
conductance [31, 129–131]. Percolation is greater at higher water contents and
higher temperatures [129] due to the increased likelihood of micelle interaction
(at higher hydration) and the lower viscosity of the surrounding medium (at
high temperatures). There is a threshold hydration (and temperature) for percolation and so the first temperature sweep in pure L2 must have been beneath
this. It could be that percolation in phytantriol causes the L2 phase to be as
conducting as the Lα phase at water contents above 5-6% and higher temperatures. The percolation effect contradicts discussion by Efrat et al who stated
that inverse micelles of a non-ionic lipid have little interaction with each other,
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this is not the case at high hydration and temperatures [96].
It is worth exploring the hydration and temperature dependence within
each phase. Each phase will absorb water causing the nanostructure to swell in
relation to the equations that describe the mesophase nanostructure in section
3.3. From the graph in figure 4.11(b), lines have been drawn that show how
the conductance increases with hydration within the Lα and Q230 phases. It is
expected that an increase in hydration in the Lα phase will cause the bilayer
sheets to push apart, resulting in a linear relationship between hydration and
conductance. This is in agreement with the measurement shown in figure 4.7.
The figure also shows a linear relationship between conductance and hydration within the Q230 phase as well. This contradicts the expectations for a
cylindrical channel where conductance quadratically relates to an increase in
radius. Mezzenga et al showed that channel radius increases linearly with hydration for the phases of monoolein, which would result in a quadratic increase
in conductance with hydration [44]. It can be expected that there is a similar
trend with phytantriol, due to the lipids similarity. Nevertheless, the increase
in conduction is linear with hydration, implying that any small changes to the
nanostructure due to swelling do not have a great affect on the conductance.
It is only affected by the amount of water present, not how the water is confined within the channels. In the previous section, the diffusion equation was
applied to model the hydration throughout the experiment showing that water
diffuses in at a well-defined rate. Hence, the well-defined and similar linear
relationship between conductance and hydration in the Lα and Q230 phases.
Temperature has a similar linear and uniform effect on conductance within
each phase. For the most part, Arrhenius transport dominates over the small
changes in the nanostructure. In a similar manner to hydration, the slight
changes to the size of the water channels or sheets due to changing temperature
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are dwarfed by the large dependence of solution conductivity with temperature.
Following equation 3.7 an increase in temperature of one degree corresponds
to a 2% increase in conductance for a moderately conducting solution, which
is the trend observed in the measurements presented. The conductance of the
impure water was 3750 nS and the impurity level was found to be similar to 0.75
mM KCl, with a conductivity of 120 µS/cm, see section 4.2.1. Therefore the
impure water is moderately conducting in the regime in which temperature
and conductivity are linearly related and indeed the change in temperature
follows that of a moderately conducting solution[108].
The phase change measured in the additional experiment, to pure HII showed Arrhenius dominated transport for the most part. This phase change was
much slower than the others possibly due to a large phase coexistence region at
around 25% hydration. Majewski also found that surfactant mesophases also
exhibited the same temperature dominated transport. Conductivity increased
linearly with temperature until the disorder transition point where a phase
change occurred[110].
Conductance measurements of monoolein through the Q224 →HII transition
performed by Mirkin[132] also showed a linear Arrhenius dominated behaviour.
The Q224 →HII transition was shown to have a small drop in conductance at
the phase change. Both of the two phases had a linear response to temperature
but with the same gradient, in a similar manner to the Lα →L2 transition measured by this experiment. However, it is obvious that the Q224 and HII phases
are of very different geometry and should differ in the rate of conductance
increase with temperature. This is known to be true as many studies of the
transportation of drugs and other molecules show a difference in the transport
properties of the Q230 and HII phases[4, 20, 21, 23, 28, 73, 88, 93, 95]. There is
no special explanation for this transition as there was with the Lα →L2 . Mir-
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kins measurement was performed in excess water, with two electrodes and in
a large container, so fine details about the phase transition and phase behaviour were lost. A more defined electrode geometry or controlled hydration
conditions would have been better.
A new hysteretic mesophase was discovered in the phytantriol-water system. The phase is birefringent and labelled in figure 4.7(a) in images 6-8.
This previously undiscovered phase only appeared upon cooling from high
temperatures, and was situated between the Lα and Q230 phases around room
temperature. These kinds of phases are known as monotropic [133] as they appear due to hysteresis in the crystallization temperature for a particular phase.
For phytantriol, it is known that the Q224 to HII transition has hysteresis upon
cooling which leads to the presence of a supercooled HII phase[1, 14]. The
exact nanostructure of this phase is unknown, SAXS would reveal this, but
this was out of the scope of the experimental work. However, as it is birefringent, it is not isotropic and could be an aligned lamellar phase. The hysteretic
phase only formed after a temperature sweep, it was engulfed by the gyroid
phase after approximately 150 minutes, implying its formation is energetically
unfavourable at room temperature. The confinement of the glass slides could
aid its formation as it is next to a very viscous cubic phase that will melt upon
heating.
This experiment measured large changes in conductance from phase transitions and led to the discovery of a new hysteretic phase. However, it did not
allow for the fine details of the changing nanostructure to be completely isolated from background (solution) conductance. Hence, the conductance due
to water content within the Lα and Q230 phases appeared to be linear and
diffusion dominated, and the temperature transport was purely Arrhenius.
However, larger phase transitions were easily revealed by the measured con-
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ductance. It was found that the L2 phase exhibits high conductance at high
water contents and temperatures due to percolation effects. It can be seen that
this experiment allows for the details of the phase changes to be measured in
more detail to other reported literature.

4.5

Conclusions

We have demonstrated on a phytantriol droplet-water interface, a simple procedure to measure the conductance through lyotropic and thermotropic phase
transitions. As the pure phytantriol droplet absorbed water a phase front formed, monitored with cross-polarisers, which progressed further into the droplet
with time. It was found that the position of the phase front could be modeled
with a simple 1D diffusion equation for less hydrated mesophases, it overestimated the position of the more hydrated phases due to droplet swelling.
A conductance phase diagram was produced showing that the conductance
changed dramatically after most themotropic phase transitions as well as exhibiting a general increase throughout the measurement due to the absorption
of water. Most thermotropic phase transitions induced a change in sign in
the conductance until the complete formation of the new phase, except for
when the new phase contains a similar phase to the initial one. In addition,
the conductance of the inverse micellar phase was found to be much greater than expected at high temperatures and hydrations. This was attributed
to micelle percolation which is a common effect observed in microemulsions
[31, 32, 79, 129–131, 134].
In terms of phases themselves, a new hysteretic non-equilibrium phase was
discovered. The previously undiscovered phase only appeared upon cooling
from high temperatures and was situated between the Lα and Q230 phases
around room temperature. These kinds of phases are known as monotropic
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[133] as they appear due to hysteresis in the crystallization temperature for a
particular phase. For phytantriol, it is known that the Q224 to HII transition
has hysteresis upon cooling which leads to the presence of a supercooled HII
phase[1, 14]. The structure of the new hysteretic phase is unknown and was not
investigated as it was out of the scope of this thesis however, SAXS experiments
would reveal its nanostructure.
Due to this procedures simplicity, it would be relatively straight forward
to produce electrodes with a more defined geometry (Hall bar, Van der Paaw
etc.) to perform a more in-depth analysis of the phase transitions, getting
conductivity values for each phase. This could be incorporated into more
complex or integrated systems such as lipid scaffold electrodeposition systems
and microfluidics.

Chapter 5
Free-Standing Phytantriol Q224
Droplets: Resistivity
Monitoring and Switching
5.1

Chapter Outline

This chapter will discuss experiments performed on a free standing droplet
of phytantriol placed inside and over a micro-pore in an asymmetrical and
symmetrical deposit. The droplet, separating two compartments of an electrochemical cell, was employed to study (i) ion conductivity (at low bias within
±0.8 V), (ii) conductivity switching effects (at high potential bias beyond ±0.8
V), and (iii) phase switching effects (as a function of temperature).
Firstly, the micropore method for the measurement will be introduced followed by a description of the experimental details. Secondly, a discussion of
the low bias results will show how to obtain conductivity values for the cubic
phase. Interesting high bias effects were measured and the results of further investigations will be presented. Results of pore resistance change due to
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thermal heating of the cubic phase will then be presented.
The conductivity of the phytantriol phase within the microhole is shown to
be ionic strength, applied potential, time/history, and temperature dependent.
The experimental data for asymmetric phytantriol deposits are indicative of a
microhole resistance that can be switched between two states (high and low
resistance associated with a filled or empty microhole, respectively). When
heating symmetrically applied films of phytantriol, Q224 to HII phase transition linked to a jump to higher specific resistivity is observed consistent with
differential scanning calorimetry (DSC) data for this phase transition. The
results of this chapter have been published and much of it is lifted from the
paper and re-formatted for this thesis[135].

5.2

Introduction

The previous experimental chapter revealed the transport properties of each
phase with respect to increasing hydration and temperature, but did not provide quantitative data for the conductivities of each phase. This was due
to the unspecified electrode geometry and the impurities in the water used.
This chapter will focus on experiments performed to measure the conductivity
and of the Q224 phase of phytantriol using a micro pore with a well-defined
geometry.
Accurate characterization of the ion transport through phytantriol mesophases is important for their application in pharmacology [1–6] and as scaffold
material [7–9]. Therefore, it is important to develop new approaches for the
study of transport properties of the Q224 mesophase material and for the study
of phenomena associated with phase transformation.
As previously described, ion transport through the mesophase of phytantriol can be quantified as resistivity. It can be affected by the ionic strength
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and by the specific interactions of ions with the hydrophilic head groups
of the lipid. In order to study ion flow in the lipid mesophase materials,
phytantriol-modified electrodes have been previously employed with a redox
probe molecule[26–29]. However, the resulting redox processes coupled to
transport in the mesophase are complicated. In fact, the redox process is
likely to directly affect the ionic conductivity in mesophase channels through
interactions between the probes and the lipid or electrode surface. This highlights the benefit of using a measurement that removes the need for redox
probes and electrodes completely. Studies based on free-standing lyotropic
lipid phases have been reported by Speziale and Negrini [23–25, 71] for monolinolein, monoolein and phytantriol lyotropic phases and for the reconstitution
of membrane proteins. Here, a similar approach is selected, but based on a
microhole geometry and with four-electrode microhole voltammetry to apply a
well-defined potential across a free-standing phytantriol droplet supported on
a polymer substrate. Chapter 3 describes the benefits of using electrical measurements with four electrodes to determine conductivity. Figure 5.1 shows a
schematic drawing of the two-compartment electrochemical cell with a polyethylene-terephthalate (PET) film with microhole separating the two sides.
This kind of measurement cell is employed commonly in liquid-liquid interface
studies[136, 137] or membrane characterisation[138] and employed here for the
investigation of phytantriol mesophase films.
In this study, phytantriol is applied either to a single side (asymmetric) or
to both sides (symmetric) of the PET film. Equilibration in aqueous electrolyte then produces the mesophase as a droplet of typically 100 µm thickness.
Recently, in a similar approach, intrinsically microporous polymers (PIMs)
have been investigated with microhole voltammetry based on a 6 µm thin
poly-ethylene-terephthalate (PET) film with a laser-drilled approximately 20
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Figure 5.1 The set-up for the cell, on the left hand side,
and the micropore itself, on the left hand side. The cell had
two compartments separated by the micropore membrane, each
with a reference and current electrode, the reference and counter electrode (RE, CE) in one side and the sensor and working
electrode (SE, WE) in the other. Phytantriol was put onto the
micropore in a symmetrical deposit, on both sides of the pore,
or in an asymmetric deposit, on one side only. The pore and
the access resistance to the pore contributed to the measured
current or resistance, noted in the equation where κ is the conductivity, r is the radius of the pore (10 µm), the pore length
(L) is 6 µm, and R is the total measured resistance.

µm diameter microhole[119, 139]. By depositing the meso- or microporous
samples onto the microhole, a well-defined potential can be applied across the
sample (employing the four-electrode configuration, see Figure 2) and ion flow
can be investigated with low bias or with high bias methods. Transport of
ions towards the microhole (via spherical or convergent diffusion) can be assumed to be fast so that phenomena in (or in the vicinity of) the microhole are
rate-limiting during the measurement.
This chapter describes a method that can be employed to observe ion transport and possible current rectification phenomena in the cubic mesophase of
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Figure 5.2 (a) SAXS data from X-ray scattering through
cubic mesophase, confirms the mesophase formation in excess
0.02M KCl. The lattice parameter is 6.70 nm which is comparable to the lattice parameter in excess pure water of 6.68 nm
from Barauskas et al [11]. (b) The Q224 mesophase nanostructure unit cell. The top image shows the two independent water
channels and the the lower image, the corresponding lipid channel system. Used with permission from [10]

phytantriol. The ions measured in this study are potassium, K+ , and chloride,
Cl− , which are relatively small (covalent diameter for K+ =0.266 nm and for
Cl− =0.362 nm [140] compared to the typical phytantriol channel diameter 2.2
nm [22]) and may be regarded as typical of an inert background electrolyte
with approximately equal mobility[64]. KCl is not expected to have any significant interactions with the uncharged lipid[10] (apart from water channel
constriction and dehydration effects at very high concentration), and so any
changes in ion transport from bulk solution are predominantly due to the cubic
mesophase channel structure and behaviour.
In the experiment, pure phytantriol was applied to the pore either in symmetrical fashion (right hand side and left hand side) or as asymmetric deposit
applied from a single side (only on the right hand side, consistent with the
side where the working electrode is placed, see Figure 2). The cubic phase,
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shown in figure 5.2, forms in situ (within 24 h) upon addition of aqueous KCl
solution to the measurement cell. Figure 5.2 confirms the formation of the
cubic phase (typical diffraction peaks are indicated) for phytantriol in contact
to excess aqueous 0.02 M KCl solution. After 24 h equilibration, applied potential (employing voltammetry or impedance methods) causes ions to flow
through the cubic phase from one side of the cell to the other. This report
contrasts experiments with low and with high applied bias and as a function
of temperature. Novel features in ion conductivity are observed such as room
temperature switching between two different microhole conductivity states and
reversible switching during the thermally induced Q224 to HII phase transition.

5.3
5.3.1

Experimental
Chemical Reagents

KCl (Sigma Aldrich) solutions of differing concentrations (500 mM, 200 mM,
50 mM, 20 mM, 5 mM, 2 mM) were prepared using ultra-pure filtered water
of resistivity 18.2 MOhm cm. Phytantriol (from Adina Ltd.) was used in
commercial grade (96%) without further purification, which has implications
on the behaviour during phase transformation (vide infra). Figure 5.2 shows
an X-ray scattering pattern confirming the formation of the Q224 phase at room
temperature in 0.02 M KCl solution.

5.3.2

Instrumentation

An Autolab potentiostat system (PGSTAT12, EcoChemie, The Netherlands)
using the GPES control software was employed with Pt wires as counter/working
electrodes, and two KCl-saturated calomel reference electrodes (SCE, Radiometer, Copenhagen) as sense and reference in a metal Faraday cage. A Sol-
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artron 1260A/1286 impedance analyser system was used (amplitude 200 mV,
frequency range 1 Hz to 40 kHz) with Z-View and Z-Plot software for impedance measurements and for data analysis.
A custom made U-shaped glass cell (figure 5.1) was used that split in two
and could be clamped together with a flange holding the membrane. For temperature control, a U-shaped glass cell with thermostated jacket was employed
with a Haake recirculating heating unit. This allowed for a 6 µm thick polyethylene-terephthalate (PET) membrane with a laser-drilled approximately
20 µm diameter hole (supplied by Laser Micromachining Limited, St. Asaph,
Denbighshire LL17 0JG, UK) to be clamped between the two flange connectors
of the cell. The microhole was used empty for reference/calibration measurements without the lipid. To apply the lipid to the pore, a pipette tip was
dipped into the phytantriol bottle and a small amount (≈6 mg, or 6.45 µl)
was then applied to the area of the PET membrane, where the microhole was
located. This amount was applied to the reverse side for the symmetric deposit where 12 mg was used in total. For an asymmetric deposit lipid layer was
placed on the right hand side of the cell (together with the sensor and working
electrode). The droplet had a diameter of around 2-3 mm upon swelling to
form the cubic phase, the radius of a symmetrical droplet of phytantriol with
a volume of 12.9µl is 1.45mm.
Voltammetry and impedance experiments were performed for both the microhole empty and covered with lipid mesophase. For steady state voltammetry
a scan rate of 0.02 Vs−1 was applied. For impedance measurements, the root
mean squared voltage (VRMS ) or amplitude was 50-200 mV (concentration dependent) with a DC voltage of 0.0 V. Experiments were performed at 20 ± 2
◦

C.
Small angle x-ray scattering (SAXS) measurements were performed with
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Figure 5.3 The schematic for the microscope cell used to
image the pore. The top image, (a), shows a slice through with
the arrow indicating the microscopy viewing axis. The lower
image, (b), shows the cell along the viewing axis, from the top.
Two compartments for solution were separated by the micropore covered in an asymmetric deposit. Each compartment has
one silver pseudo-reference and one platinum current electrode.

a paste cell for a 20 hour SAXS measurement in an Anton Paar PW3830
SAXSees system with a wavelength of 0.1542 nm verifying the formation of
the cubic mesophase.
Differential scanning calorimetry (DSC) was performed using phytantriol
immersed in excess 10 mM KCl. About 300 mg of the cubic phase was placed
into Hastelloy cells in a Seteram heat flow Micro-DSC. Reference Hastelloy cells
contained approximately 100 µL of aqueous KCl solution. The temperature
was swept from 25 ◦ C to 65 ◦ C at four different sweep rates with 0.1, 0.5, 0.75
or 1.0 ◦ C min−1 .
For in situ optical microscopy a custom-made Teflon cell consisting of two
Teflon blocks with a circular cavity in the centre was designed for use with a
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GXML 3230 confocal microscope with a GXCAM USB camera, a schematic
of the set-up is shown in figure 5.3. The PET membrane was sandwiched
between the two Teflon blocks with two glass slides on the outer edges to form
a transparent cylindrical vessel clamped together. The electrolyte solution was
injected and two platinum wires acted as counter and working electrodes along
with two silver wires as the pseudo-sensor and pseudo-reference electrodes.

5.4

Results

The conductance and resistance properties of the cubic phase were investigated
at low and high bias. Low bias measurements will be discussed first; these gave
conductivity values for the KCl solution in the blank clean pore, which can
be compared to the cubic phase. After which the effects of high bias will be
presented with switching effects. The final section will present pore resistance
switching by inducing a phase change of the phase material within the pore.
The temperature for the transition will be compared to DSC measurements.

5.4.1

Low Bias Electrochemical Characterisation

In order to obtain information about ionic conductivity of the cubic phase,
initially experiments are discussed that were performed at low applied bias potentials (due to higher applied bias potentials causing disruption of the asymmetric phytantriol deposit). When voltammetric experiments were performed
within a ±0.8 V window, stable Ohmic current responses (see figure 5.4(a))
were obtained.
Initially, only the empty microhole was employed in aqueous KCl electrolytes solutions as a calibration approach. Data from these measurements are
plotted in figure 5.4(b) (black squares). Good linearity with KCl concentra-
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tion is observed. An approximate expression for the corresponding resistivity
in the microhole[141] can be based on three contributions from the left hemisphere, the cylindrical core, and the right hemisphere (see figure 5.1). The left
and right hemisphere have the same contribution. Fitting the experimental
resistance results to literature data for aqueous KCl conductivity at 20 ◦ C[65]
allowed the microhole radius r = 9.5 µm to be calibrated (assuming a PET film
thickness of L = 6 µm, with a geometrical factor of 7.4 ×104 m2 , and ignoring
other geometric imperfections produced in the laser-drilling process). This value is in excellent agreement with the nominal diameter. Once the microhole
is calibrated, the equation allows conversion of any measured resistance for
a bulk ion conductor deposited symmetrically around the microhole (here for
phytantriol mesophase) into value of specific conductance κ (in Ω−1 m−1 ; see
Table 1; vide infra).
Low bias measurements were employed to characterise and compare three
cases: (1) the empty microhole in aqueous KCl, (2) the symmetrically phytantriolcoated microhole, and (3) the asymmetrically coated microhole with phytantriol Q224 phase equilibrated immersed in aqueous KCl. Cyclic voltammograms
were performed from -0.8 V to +0.8 V in KCl solutions of different concentration. Figure 5.4(a) shows typical cyclic voltammograms that exhibited linear
resistive (Ohmic) behaviour that was observed both symmetric and asymmetric phytantriol deposits (asymmetric deposit shown in (a)). The gradient at
zero current was used to obtain a resistance value. This linear behaviour was
observed for each concentration (see Figure 5.4(b)) consistent with simple partitioning of electrolyte into the mesophase material. Conductivity data for the
symmetric phytantriol case are summarized in 5.1. The presence of phytantriol
mesophase clearly increases the resistance (or decreases the specific conductivity) by a factor of typically 30-40, which is a factor here attributed to the

5.4 Results

KCl Concentration (M)
0.5
0.2
0.05
0.02
0.005
0.002
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Voltammetry
Impedance Spectroscopy
Resistance Conductivity, Resistance Conductivity,
(Ω)
κ (Ω−1 m−1 ) (Ω)
κ (Ω−1 m−1 )
397 × 103
(±1%)
822 × 103
(±10%)
5.26 × 106
(±1%)
1.41 × 107
(±2%)
5.05 × 107
(±3%)
7.43 × 107
(±2%)

186 × 10−3
89.7 × 10−3
14 × 10−3
5.39 × 10−3
1.46 × 10−3
0.99 × 10−3

40 ×
(±1%)
902 ×
(±1%)
5.38 ×
(±1%)
1.38 ×
(±1%)
5.07 ×
(±1%)
7.29 ×
(±2%)

103

184 × 10−3

103

81.8 × 10−3

106

13.7 × 10−3

107

5.34 × 10−3

107

1.45 × 10−3

107

1.01 × 10−3

Table 5.1 A table presenting the pore resistances of a symmetrical cubic deposit found via voltammetry and impedance
spectroscopy at 20 ± 2◦ C; errors are approximate found from
goodness of fits. These resistances were converted to conductivity values using the geometry and access resistance of the pore.

presence of the water channel system in the mesophase. Due to the microhole
geometry, the measurement is localized and insensitive to the phytantriol layer
thickness: the thickness of the phytantriol is much greater than the micropore
geometry.
For asymmetric deposits (see figure 5.4(bii)) low bias data suggests a resistance very similar to that for the filled microhole. This implies that there is
lipid material on the other side of the pore. However, when employing large
bias conditions in between measurements (on an asymmetrical deposit), the
interpretation of data is much less straightforward. The first measurement
(see figure 5.4(biii)) has a resistance comparable to a symmetrical deposit,
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higher than the clean pore. However, the resistance of the asymmetrical deposit becomes much less resistive in later measurements, of a similar value
to the empty microhole due to a history effect linked to loss of phytantriol
from the microhole. This switch in behaviour is caused by high bias measurements (which were initially performed sequentially with low bias experiments)
essentially emptying the microhole in between measurements. When large amplitude experiments were performed the resistance for the asymmetric deposit
considerably lowered affecting all the following data points. This effect continued for measurements performed with impedance spectroscopy (see Figure
5.4(d)). However, this history effect is not observed for symmetrically deposited phytantriol films, possibly due to the difference between interfaces at the
pore. The pore was also characterized using impedance spectroscopy.
Impedance measurements were performed in four-electrode configuration
similar to measurements reported previously for liquid — liquid interfaces[142].
Low amplitude (50-200 mV) impedance measurements with 0.0 V bias resulted
in classic RC semicircle Nyquist plots for all experiments. Figure 5.4(c) shows
typical Nyquist plots for the asymmetrical deposit, and similar behaviour was
found for the symmetrical regime (see figure 5.4(d)). The inset shows the model used to fit the data, and how this relates to the experimental system. The
high frequency intercept (at low Z’) is associated with the solution resistance,
RS . The diameter of the semicircle is determined by the PET interfacial capacitance, with typically C = 0.6 nF (consistent with literature reports[139]).
The resistance of the cubic phase inside the pore, RP (ignoring any further
resistance contributions from the interface of cubic phase to aqueous phase).
Figure 5.4(d) shows how RP changes with concentration for the lipid deposits.
Resistance data obtained from impedance and from cyclic voltammetry are in
good agreement and summarized in table 5.1 for symmetric deposits.
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Figure 5.4 (a) Low amplitude cyclic voltammograms (3 cycles; scan rate
0.02 V s−1 ) for an asymmetric phytantriol deposit onto a 20 µm diameter
microhole in PET immersed in 0.002, 0.005, 0.02, 0.05, 0.2, 0.5 M aqueous
KCl. (b) Resistance data calculated from the slope of cyclic voltammetry
data for (i) an empty microhole, (ii) an asymmetric phytantriol deposit,
(iii) an asymmetric phytantriol deposit but employing large amplitude in
between measurements, and (iv) a symmetric deposit with phytantriol on
both sides of the microhole. An important history effect is noted where the
first measurement for the asymmetric deposit appears in the high resistance
domain with all following measurements in the low resistance domain. This
effect is caused by high bias experiments switching the asymmetric deposit
of phytantriol to a lower resistance (vide infra). The two figures beneath
show low amplitude characterization obtained with impedance spectroscopy.
(c) Nyquist plots for varying KCl concentration shown for an asymmetric
mesophase deposit. (d) Summary of Rp data obtained with impedance
spectroscopy for (i) an empty microhole, (ii) an asymmetric phytantriol deposit, (iii) an asymmetric phytantriol deposit but employing large amplitude
in between measurements, and (iv) a symmetric deposit with phytantriol
on both sides of the microhole.. Note that the resistance for the asymmetric deposit is lowered due to a history effect when employing large bias in
between measurements (see text).
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There is a difference between the asymmetric and symmetric deposit that
goes beyond the transport reduction by the amount of material present near
the pore. High and low bias measurements were performed together on the
asymmetrical deposit, the resistance values are shown in figure 5.4(b(iii),d(iii)).
It is clear that the first measurement has the same resistance as the symmetrical deposit, after which the rest are in a low resistance, of similar magnitude
as the clean pore. As this effect was not observed for the symmetrical deposit,
it implies that the interface near the pore, at the left side of the cell where
there is less material, is different to the other larger interface. The application
of a high bias switched the resistance of the pore into a lower resistive state.
The application of a high bias could induce ionic depletion[139] or cause some
change at the left interface which warranted further investigation.

5.4.2

High Bias Electrochemical Characterisation

In order to explore physio-chemical phenomena, in particular the asymmetric mesophase deposit at higher potential bias, an extended ±4 V potential
range was studied by cyclic voltammetry (see figure 5.5). Data for 10 mM
KCl electrolyte are shown, but generally for all concentrations more complex
(non-Ohmic) asymmetric current traces are observed. In contrast to the Ohmic
behaviour observed for experiments with smaller bias, here non-linearity is clearly observed particularly in the negative potential range. When scanning the
potential into the positive potential range only small deviation from Ohmic
behaviour are seen (figure 5.5(c)), but when scanning the potential into the
negative range, the current increases dramatically and it loops to give even
higher currents during the return of the potential to zero. Additional noise
on the current signal suggests phase transformation/disruption effects. When
this experiment is performed in situ in an optical microscope to monitor the
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Figure 5.5 Optical micrographs of the micropore with asymmetric deposit in 10 mM KCl (a) during cyclic voltammogram
at -4 V and (b) before conducting the cyclic voltammetry and in
the positive potential region. (c) Cyclic voltammograms (scan
rate 10 mVs−1 ) for three consecutive potential cycles with increasing currents.

microhole during the voltammetry experiment, there is clear evidence for the
initially clear pore (under positive potential conditions) going dark with spots
of material appearing around the microhole under negative potential conditions. It can be concluded that some phytantriol is expelled from the microhole
(thereby lowering the resistance) and probably propelled into the aqueous solution phase (see figure 5.5).
These observations can be considered as a bi-stable switching process.
When high bias voltammetry scans are performed, a change in the resistance
state of the asymmetrical deposit is observed at negative potentials. A switch
appears to occur from high resistance to low resistance. The relaxation back to
the original state is relatively slow (see below) if un-aided by applied positive
potential. This suggests that the asymmetrical mesophase deposit was initially
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Figure 5.6 Plot of the resistance Rp for an asymmetric phytantriol mesophase deposit 10 mM KCl as a function of time
(monitored by impedance spectroscopy at 0.0 V). the first measurement (circle) denotes the resistance of the pore before the
voltage pulse. The squares are the resistance values of the pore
post pulse. After a single voltage pulse at -4 V for 120 s the slow
relaxation back to high resistance is monitored. Also shown is a
schematic drawing indicate the process of micropore emptying
and re-filling.

in the high resistance state (similar to the symmetrically coated micropore),
but can be switched into the lower resistance state by the application of high
negative bias (and emptying the microhole). The state is switched back by high
positive bias. It is interesting to explore the relaxation processes associated
with these two resistance states (figure 5.6).
Resistance data were measured systematically as a function of time after
a voltage pulse at -4 V for 120 seconds has been applied on an asymmetrical
phytantriol mesophase deposit. The first resistance value is the resistance
of the pore before the pulse (figure 5.6). The negative pulse lowered the pore
resistance from a higher resistive state (40 MΩ; note that this is consistent with
a partially filled microhole; see figure 5.4) to a lower state (20 MΩ). Following
this, impedance measurements showed that the pore resistance relaxed back
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Figure 5.7 (a) Chronoamperometry data obtained for an
asymmetrically deposited phytantriol mesophase in aqueous 10
mM KCl with 120 s pulses of +4 V and -4 V switching the pore
resistance between a higher and lower resistive state. Arrows
indicate the read-out period. (b) Plot of the RP read out data
versus time.

within a time period of 90 minutes. It is plausible to explain this behaviour
with the slow re-filling of the microhole with phytantriol Q224 phase (back
to a lower energy equilibrium). A secondary relaxation process occurs on a
much longer timescale (5 h to 24 h) which is seen as an additional lowering of
the resistance in the background (possibly due to more loss of phytantriol, or
domain annealing).
Upon application of a high positive bias pulse, the resistance of the microhole can be switched back. To explore this effect further, chronoamperometry
(CA) was used to apply a constant potential at +4 V or -4 V. The potential was applied for 120 s every ten minutes, and impedance spectroscopy was
used to read out the resistive state of the pore. Figure 5.7(a) shows that the
CA potential pulses every ten minutes and the current response during the
applied potential. The pulses correspond to the resistance values plotted in
figure 5.7(b) where the black squares show the resistance post +4 V and the
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red squares those post -4 V. The applied potential can switch the pore from
an open/empty state into a closed/filled state, forming a primitive volatile
memory device.

5.4.3

Electrochemical Monitoring of Phase Changes

The switch in resistivity with applied bias voltage suggests structural changes,
which have been linked with an opening and closing of the microhole. A further
potential switching mechanism could be based on a localized phase transition
(switching between two different mesophase geometries) and therefore additional exploration of the effect of temperature on the microhole resistance is necessary. Temperature effects on lipid mesophase structure are well studied[28]
and phase switching for example in cubosomes[3, 23, 24], hexosomes[2], or
in bulk with IR radiation have been reported[9, 17]. There is no previous report on resistivity monitoring by electrochemical methods of phytantriol phase
transitions.
Experiments were performed by slowly increasing the solution temperature
and monitoring the impedance for a symmetric phytantriol mesophase deposit.
Figure 5.8 shows the switch from less resistive Q224 cubic phase to the more
resistive HII hexagonal phase for two repeat measurements. The transition
temperature of approximately 42 ◦ C is reasonably consistent with some literature reports for phytantriol phase switching. However, it has been pointed out
by Dong and coworkers that small levels of impurities in commercial phytantriol can cause a significant lowering of this phase transition temperature (here
a 96% pure phytantriol is employed), which is likely to explain discrepancies
to some other reports[19]. For pure phytantriol the Q224 to HII transition can
occur at temperatures up to 15 ◦ C higher (see phase diagram in chapter 2
figure 2.2). The significant increase in resistance when switching from Q224
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Figure 5.8 (a) Plot of resistance RP data (from impedance
experiments in 10 mM KCl) as a function of solution temperature for two consecutive temperature scans. When increasing
the temperature the first time (black squares) and the second
time (red triangles) the Q224 to HII transition is observed at
42 ◦ C. (b) Temperature switching between 35 ◦ C and 45 ◦ C
allows continuous phase switching of phytantriol immobilized
symmetrically onto the PET film.

cubic phase to the more resistive HII hexagonal phase is in agreement with the
essentially uni-directional cylindrical water channels in the hexagonal phase
causing a major obstruction/tortuosity to ion transport.
The transition, when monitored by resistivity measurements, appears to
occur associated with relaxation phenomena with distinct time constants. Initially (see first temperature scan in figure 5.8) heating of the sample caused
an expected reduction in resistance due to the increase in ion mobility from
Arrhenius transport. After which the resistance plateaus until a rapid phase
change occurs at approximately 42 ◦ C. A similar trend in transport was observed in chapter 4 when measuring a transition from a cubic phase to pure
HII . Transformations of this type can occur via disruptive processes[7] linked to the break-down of one channel geometry and the gradual re-ordering
of the product channel structure associated with water exchange and domain
growth. A rapid rise of resistivity beyond 100 MΩ is clearly linked to the
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formation of the hexagonal phase, although it may not be fully formed in this
timescale. However, the process is complex and upon lowering the temperature and repeating the experiment slightly different behaviour is seen (figure
5.8). Annealing of the structure due to phase ‘melting’ could increase the
size of the microscopic domain/grains. Larger domains in the Q224 phase that
appear upon cooling, increases the ion transport and decrease the resistance.
In addition, the complete phase conversion as well as the re-generation of the
original Q224 mesophase equilibrium structure upon cooling may be slow and
incomplete on the time scale of the experiment. Data in figure 5.8(b) confirms
that repeated switching of the pore resistance is possible in a 20 minute time
scale.
The investigation of the effect of temperature increase and decrease on the
specific conductivity of phytantriol mesophase offers a new insight into the
phase transition process. Co-existence of phases [143] has been suggested and
clearly the Q224 to HII to Q224 transitions are not fast/clean and possibly associated with intermediates, water expulsion, and/or domain growth. However,
due to the significant change in tortuosity when going from Q224 to HII , there
is a significant increase in resistance associated with the phase transition as
a characteristic signature. Further work will be required for example investigation of the Rp - T dependence as a function of time and with varying salt
concentrations or employing in situ diffractometry tools to confirm HII phase
formation. These results could be important also from the viewpoint of drug
release and future sensing applications.
In order to verify the phase transformation additional Differential Scanning
Calorimetry (DSC) data were obtained. The Q224 cubic phase material was
equilibrated in aqueous 10 mM KCl and then loaded into a closed hastelloy
pan for thermal cycling. Figure 5.9 shows typical heating cooling data sets
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Figure 5.9 (a) Differential scanning calorimetry data for heat
flow (for scan rates of (i) 0.1, (ii) 0.5, (iii) 0.75, and (iv) 1.0 K
min−1 ) for a 10 mM KCl hydrated phytantriol sample. Vertical
dashed line shows the onset of cubic to hexagonal phase transition. (b) Onset (iii), peak (ii), and end point (i) for heating
and cooling transitions as a function of scan rate. (c) Enthalpy
data for cubic to hexagonal phase transition found from the
area under heat flow versus time. Error bars are the standard
deviation from 3 experiments.

obtained at four different temperature scan rates. The onset for the Q224 to HII
transition under these conditions is at 44 ◦ C, which is in reasonable agreement
with the resistance data. The transition appears to occur over a 5 ◦ C range
which is in agreement with the measurements displayed in figure 5.8.
The onset, peak, and offset temperatures for the phase transition can
be found (figure 5.9(b)) as well as the enthalpy (estimated here as 0.5 mJ
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mg−1 or 150 J mol−1 based on phytantriol) from integrating the heat capacity curve (figure 5.9(c)). Literature microcalorimetry data for phytantriol
mesophase systems were reported by Doo-Hoon[15] on cubosomes. However,
transition data were not unequivocally assigned as cubic to hexagonal. Reese
and coworkers[144] found that the same type of transition in monoolein cubic
phase was associated with an enthalpy of approximately 1.0 mJ mg−1 (or 0.35
kJ mol−1 ), very similar to the value of 0.15 kJ mol−1 (0.5 mJ mg−1 ) reported
here. Likewise, Czelik and coworkers[104] suggested that the enthalpy change
for the phase transition in monoolein in excess water of 0.3 kJ mol−1 , is typical for a transition producing more fluid-like hydrocarbon chains which is
characteristic of a cubic to HII transition.

5.4.4

Discussion

The application of high bias caused the phase material to move due to the
difference in interfacial strain at the pore entrance. Estimating the electric
field strength at the pore entrance will allow for comparison with other electromechanical effects measured in lipid systems. At a potential of -4 V the
lipid moved through the pore and the currents measured were around 1 µA
for 10 mM KCl. Using the equation for electric field strength, E,
E=

V
L

(5.1)

and using Ohms law to substitute voltage (V ) for current (I) and resistance
(R), taking G =

1
R

with G as the conductance and using equation 2.7 gives,
E=I

1
.
κπr2

(5.2)

The conductivity for 10 mM KCl was not obtained for this chapter, ho-
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wever it lies between 20 mM and 5 mM which have conductivities of 5.4 ×
10−3 Ω−1 m−1 and 1.5 × 10−3 Ω−1 m−1 respectively. Assuming that it is 3.5 ×
10−3 Ω−1 m−1 (which can be estimated from a plot of the conductivities with
concentration, shown in appendix A.2) and using the typical current obtained when applying -4V gives an electric field strength of 110 Vcm−1 . This is
an approximation for the field strength inside the pore during the switching
experiments.
When considering the effect of an electric field on a mesophase material, the
majority of literature focus on the lipid bilayer[85–87]. The effects have been
discussed in section 3.2.2 but will be reiterated here. Short pulses of electric
fields higher than 100 kV/cm it have been suggested to cause the translocation
of lipids between sheets [85]. In addition, pulses of around 100 V/cm cause
poration in the bilayer membrane[86, 87]. A field of 110 V/cm was applied
to the asymmetrical deposit and it is highly possible that poration occurred
however the lifetime of these pores is short and the movement of lipid hinders
their measurement. The field was applied for much longer in the experiment
presented in this chapter and caused a larger bulk mass movement than the
nanoscale effects discussed in the literature suggesting that the translocation
was a microscale effect.
It is known that an electric field can alter the surface tension of a droplet
of liquid material[145]. The electric field acts to elongate a liquid droplet in
the direction of field[146]. It is likely, that with an asymmetrical deposit, the
small amount of material on the side of the membrane opposite to the bulk
lipid, acts in a similar manner under field. In one direction the field will cause
the lipid material to elongate out of the pore, where it breaks due to its high
viscosity. In the other direction, electric field will act to move lipid back inside
the pore. It is this deformation that causes the change in ion transport and
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switching effects for an asymmetrical deposit within the pore.
With regards to temperature switching of the symmetrical cubic phase
deposit, the study is in agreement with literature. The resistance increased
by a factor of 8 upon transition from the Q224 to HII mesophase. Diffusion
studies of the same transition in similar lipid systems by Mezzenga[6, 23, 95],
Boyd[4, 20] found a reduction in diffusion by around 10 times. This method
could be expanded to other lipid systems, or different mesophase materials
entirely.

5.5

Conclusion

A new approach to the study of ion flow and conductivity in mesophase materials has been introduced based on a microhole in a PET film assembled between
two electrochemical half-cells in 4-electrode configuration. Both voltammetry
and impedance experiments have been performed and the cases of (1) empty
microhole, (2) asymmetrically phytantriol-coated microhole, and (3) symmetrically phytantriol-coated microhole are compared. Low potential bias data
suggest a 30-40 times higher resistance in phytantriol Q224 mesophase material when compared to pure aqueous electrolyte, in support of the literature
[4, 20–22, 26–29, 75, 92, 147]. This can be explained based on tortuosity in
the bicontinuous phase limiting ion transport and is agreement with literature.
When investigating the reversible temperature induced phase transformation
from Q224 to HII phase and back, a significant further increase in resistivity for
HII is noted due to the even more tortuous, and much narrower, water channel
structure in the hexagonal phase. Behaviour appears to be associated with a
disruptive phase transition with electrolyte exchange and mesophase domain
formation, which will need further study possibly also as a function of the type
of electrolyte.
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The cubic to hexagonal phase transition has been investigated thoroughly
in the past [4, 7, 12, 14, 20–23, 26–28, 75, 92, 144, 147]. It is hoped that the
phase can be employed in drug delivery due to its stability in excess water.
The change in transport properties between the Q224 and HII phases is not
a new discovery. The application of a micropore to determine the quality of
transport however, is new.
Employing a micropore in this manner could also be expanded to other
materials and, in addition, changing the electrolyte would allow for the evaluation into the transport of other ions. This technique is an electrical method
that does not require electrochemical reduction or oxidation[22, 26–29], or the
evaluation of concentration over a long time period[4, 20, 23, 71, 147]. Many
of the cons from the electrical techniques in table 3.1 are inapplicable with this
method.
When studying high potential bias perturbation, microhole resistivity switching was observed and apparently reversible switching caused a ‘memory’ effect with resistance read-out of the ‘open’ or ‘closed’ state by impedance. Further work will be required to develop a better understanding of these processes
and experiments in situ coupling X-ray diffraction techniques to electrochemistry will be desirable. In addition, it would be interesting to investigate how
deformation affects the ion transport to probe stress related processes within
the pore. Applications could be developed in sensing (exploiting the thermal
phase transition as a sensitive probe) or for drug release. Most importantly,
the symmetrically film-modified microhole appears to provide a convenient
new probe for the study of conductivity and mesophase reactivity for a much
broader range of porous materials.

Chapter 6
Conductance of the Q224 Phase
of Phytantriol Inside a
Size-Variable, Stretchable, Pore
6.1

Chapter Outline

The previous chapter addressed the conductivity and behaviour of the cubic
phase within a micropore with the application of low and high bias. It was
found that asymmetrical surfaces and high bias caused the cubic phase to
translocate, deform, and move through the pore, changing the resistive state
of the system. The asymmetry in measured transport was due to the translocation of phase material through the pore as stress was induced in the material
at the pore entrance. This introduces the possibility of strain and stress effects on the transport behaviour of the cubic phase such as piezoresistivity or
piezoconductivity.
The translocation effect prompted an investigation into the response of
the cubic phase to expansion and compression. A micropore with a variable
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diameter was used to stretch and then relax the cubic phase whilst the conductance of the pore was continually measured. The conductance response
was compared to that of the unobstructed clean pore and it was found that
the cubic phase exhibited negative piezoresistance. In addition, the current
response upon stretching and relaxation gave the time taken for the phase to
reorder after a change in strain, the relaxation time. Shear rheology provides
information about how a material responds to strain and so it was used to
investigate the relaxation time of the cubic phase under shear. It was found
that the fastest relaxation time upon stretching was similar to the slowest upon
shear.
In this chapter, firstly, the motivation for the experiment will be addressed in more detail in the introduction, along with general background into
piezoresistance and rheology. After this, will follow discussion about experimental details such as the pore itself, the materials used, and it will introduce
the complete custom-built set-up. As the method is new, separate sections
for the experimental scheme, clean pore measurements and characterization,
cubic phase measurements and discussion will follow.

6.2

Introduction

This chapter presents experimental work into the conductance properties of
the cubic phase within a micropore upon expansion and compression. It was
discovered in the previous chapter that the cubic phase would move and deform
under a high bias. The experiments presented in this chapter focus on the
reverse: the response of the cubic phase to deformation and how that affects
ion transport and conductance through the material. Throughout the chapter,
conductance and current are used interchangeably as they are effectively the
same due to the experimental scheme and set-up.
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Stress at the pore interface caused local movement of the cubic phase in
the experiment discussed in chapter 5. Reversing the situation and introducing
stress into the lipid material within a pore, via the application of a strain, gives
insight into how the lipid structure responds to that stress. Any changes to
the mesophase geometry and nanostructure due to the applied strain heal
with enough time as stress dissipates and the material relaxes. The relaxation
process is revealed by the transport measurements giving a relaxation time for
the cubic phase.
If strain is applied to a material, and upon the release of that strain, it
returns to its original shape, the material is elastic. If the material does not
return to its original shape and remains deformed, due to some re-arrangement
in the structure, then the material is in-elastic, or plastic. It is important
to distinguish between the two when discussing an experiment that uses an
elastic material for measurement. The size-variable pore and cubic phase have
differing amounts of elasticity. Their response has to be separated in order
to isolate the conductance response of the cubic phase to strain. It is also
important to note that strain and stress are directly related. A change in
strain, which relates to area and length, causes stress, which relates to the
force applied and energy dissipation in a material.
The focus of this investigation was to obtain how the cubic phase changes
under strain and if it exhibited positive or negative piezoresistance. The next
section will therefore introduce piezoresistance.

6.2.1

Piezoresistance

If a material changes resistivity due to a change in transport properties when
under mechanical stress the effect is known as the direct piezorestive effect
[148, 149]. This effect arises in crystalline materials due to a strain (stret-
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ching) that changes the crystal lattice, changing the conductance. This is
most commonly found in materials such as semiconductors and conducting
polymer composites [150–153]. In conducting polymer systems, the resistance
of the material increases with strain as the molecules are pulled away from each
other reducing conducting pathways [148]. Piezoresistive devices have applications as pressure sensors [153–155] and in band-structure engineering [156].
For polymer piezoresistive systems, liquid crystal materials have been blended
with conducting components (to form composites) such as nanoparticles and
graphene [151, 153, 157]. However there is no literature, to the author’s knowledge, describing piezoresistivity in a non-ionic lyotropic liquid crystal; this
chapter would be the first such report.
Piezoresistivity relates to the change in resistance and resistivity of a sample
[149]. The electrical resistance (R) of a homogeneous structure is a function
of its length (l), area (A), and resistivity (ρ)
R=

ρl
.
A

(6.1)

When a strain is applied to a material and it is stretched, or compressed, its
volume and resistance changes via equation 6.1. If the change in resistance cannot be completely described by the change in geometry, this is piezoresistance,
which is accompanied by a change in resistivity of the sample.
In a variable pore, strain alters the pore geometry as well as the volume
of the cubic phase within the pore. Stretching the pore increases the crosssectional area, releasing or contracting the pore reduces it. The length of the
pore is much longer than the diameter so it is assumed to be constant [158].
The length is approximately 200 µm and the diameter is a minimum of 2 µm
and a maximum of 11.3 µm) [158, 159]. The material deforms in proportion
to the strain with Poissons ratio, or υ. Poisson’s ratio is the ratio of the
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transverse to axial strain: how much a material will thin when stretched. For
the cubic phase it can be assumed to be around 0.5 [1] which is a typical
value for an isotropic, linearly elastic material. In addition to geometrical
contributions, strain can also cause a change in resistivity which contributes
to the total resistance. Differentiating equation 6.1 taking into account that
Poissons ration is radial strain divided by longitudinal strain;l
∆R
∆ρ
1
∆r
=
− ( + 2) .
R
ρ
υ
r

∆r ∆l
/l
r

gives,
(6.2)

) is the fractional resistance change due to geometric effects
Where (( υ1 + 2) ∆r
r
(where

∆r
r

is radial strain), and the fractional change in resistivity is ( ∆ρ
).
ρ

Equation 6.2 relates the change in resistivity, the cause of piezoresistance,
to the deformation in the sample within the pore. There can be positive or
negative piezoresistance, where the transport properties deteriorate or improve
respectively, upon an increase in strain.
It was described in the previous chapter that the resistance of a pore, RP
is
Rtotal = ρ(

l
2
+ ).
A 4r

(6.3)

Where ρ is the resistivity of the material inside the pore, l is the pore length,
r is the pore radius and A the cross sectional area of the pore. The resistance
of a pore comes from contributions from access resistance, pore resistance, and
piezoresistance (if this occurs). Calibrating the clean pore using equation 6.3,
provides a comparison for the lipid deposit. Any extra or less current through
the cubic phase that cannot be described by equation 6.3 is due to a change
in resistivity. The measurement area from equation 6.3 is assumed to be much
smaller than the droplet. As the lipid droplet is large, radius for a droplet
with a volume of 12.9µl is 1.45mm, any changes to its shape due to stretching
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and compression will not contribute to the measurement.
This chapter will discuss the results of measurements that start with the
smallest pore diameter, stretch to some larger value, and then release back to
the smallest diameter again.

6.2.2

Phase Deformation and Disruption

In order to consider the effects of stretching and compression on the structure
of the cubic phase, many possible schemes have been considered. These are
shown in figure 6.1 and consist of elastic and in-elastic deformations. Any
deformation that causes irreversible damage to the cubic phase structure is an
in-elastic deformation, whereas a time dependent relaxation process back to
an equilibrium is elastic. In terms of current and conductance measurements,
an elastic deformation has a time constant due to the relaxation of material.
Relaxation is the route by which stress, caused by the applied strain, dissipates
from the material. The schemes in the figure will be discussed from (a) to (e).
Elastic stretching would cause a change in the nanostructure of the mesophase. The structure could stretch and elongate within the pore, thinning or
thickening the water channels and producing the scheme in image (a). This
scheme could relax into a more stable state after some time manifesting as a
time dependence in the measured current.
Alternatively, an increase in pore radius could cause a localized phase
change within the pore in (b). Phase transitions have been simulated and
measured in cubic mesophases under shear[160–162]. One route to phase transition is via domain boundaries and defects; Sasksena simulated that stress
has the greatest effect at the domain boundaries, causing the distortion of the
cubic phase leading to sponge formation [161, 162]. The sponge phase is a
disordered cubic phase and has been found to have faster diffusion and greater
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ion transport in some systems [163] although Anderson[74, 92] predicted that
the transport properties would be similar to the cubic phase. Notably, the
sponge phase can flow much more than the cubic phase which will affect measurements [164]. Alternatively, the phase could dehydrate due to a localized
reduction in pressure (upon stretching) and water transport inducing a transition to Q230 or Lα which would decrease the ion transport. It is likely that
any of the suggested phase transitions would be unstable and would change
back to Q224 after a time, hence this would appear as an elastic deformation
with a designated relaxation time.
Another deformation could be water pocket formation and lipid detachment,
both of which introduce significantly more water into the pore resulting in an
increase in conductance. Water pockets, shown in (c), could form at domain
boundaries and would close upon variable pore release, appearing to be an
elastic process. Lipid detachment, in (d), would result in a huge increase in
current beyond that of water pocket formation. This in-elastic effect would
be extremely noisy, obvious and likely irreversible. The final scheme (e) is
elastic and involves the fast re-arrangement of the cubic phase after a change
in strain. The response would show current with a fast relaxation time, similar
to the clean pore, with typical stepwise change upon strain increments.
In terms of deformation processes, it has been postulated by Jones et al
[165] that the cubic phase can form slip planes, shown in figure 6.2(a), where
the cubic phase breaks along a lattice plane and sections can glide past each
other. Slip planes form in the lipid bilayer, therefore water pockets and voids
that would act to increase the amount of water present in the pore are not a
factor in the slip plane model. If the amount of water in the pore increases
due to water pockets, the conductance and ion transport would also increase,
whereas slip plane deformations would not induce a current increase. Another
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Figure 6.1 There are many possibilities for the physical effects strain has on un-stretched cubic phase deposit in the centre of the diagram. The phase could stretch keeping the same
number of unit cells inside the pore in (a), this would then distort the structure and increase the water content within the
phase. After some time this would relax into a more stable
state. Alternatively, the stretching could induce a localized
phase transition to Q230 , Lα , HII or a sponge phase, shown in
(b). Alternatively, the deformation could cause the formation
of water pockets in the material in (c), or more drastically,
the lipid could detach from the membrane in (d). The final
scheme is (e); A fast response of the cubic phase responds with
quick relaxation. It is expected that most of these schemes are
somewhat reversible upon pore closure (apart from (d)), and
hence they will appear elastic in nature.

deformation suggested by Jones, is that the lattice structure itself could deform, shown in 6.2(b). There would be changes in the local curvature. Jones
argues that the first suggestion is most likely as it provides a route to fast
relaxation, unlike the second process.
Other effects that could manifest in this investigation are effects due to the
application of an electric field. Electroporation and lipid mobility have been
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Figure 6.2 Two deformation processes that could be present
upon shear of the cubic phase. The structure could form (a) slip
planes or undergo (b) curvature changes. The top structures
show the cubic phase before the deformation and the lower,
after. Figure adapted from [165].

investigated thoroughly in the literature [75, 86, 166, 167]. Electroporation is
used to introduce DNA, chromosomes, bacteria and other materials into cells.
A pore in the bilayer is induced by a large voltage pulse. After a short time,
the bilayer relaxes back into its original morphology and the pore disappears.
Bilayers have been found to ‘remember’ the presence of the pore[86], allowing
subsequent poration events to occur at lower potentials. The application of an
electric field on the cubic phase could produce channels increasing connectivity
and conductance. These would then reduce upon channel closure, as lipids
move to fill the void, or if the cubic phase material is compressed, depending
on the pore lifetime. In this experiment, low bias will be used to limit high
bias effects and reduce the amount of possible lipid deformation processes so
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only the response to strain and stress is measured.

6.2.3

Introduction to Rheology

Another method that can be used to investigate the response of materials to the
application of strain is oscillatory shear rheology. Rheology studies the energy
dissipated in a material under applied strain, or shear. It reveals relaxation
times that could relate to the stretching or compression of the cubic phase
within a pore. The measurement is effectively an ‘AC’ measurement whereas
the pore stretching is a ‘DC’ measurement. Both will provide details about
the relaxation of the cubic phase after stain is applied.
It is expected that there are a few possible relaxation effects that could
manifest with this system due to the viscoelastic nature of the cubic phase
[44, 96, 165]. For a crystalline material, elasticity comes from bond stretching
along a plane, whereas for amorphous materials, viscoelasticity is due to the
diffusion of molecules in an amorphous material, relating to the Stokes-Einstein
equation. The cubic phase is polycrystalline, composed of large domains of
crystalline material in amorphous medium (cubic phase in water) [134]. For
structured polymer materials, such as the cubic phase, the behaviour depends
on the rate of change of stress or strain on the material [44, 96]. For slow
deformations, the viscous behaviour will dominate, whereas fast changes will
behave elastically. A brief discussion of rheology will follow.
In rheology two plates sandwich the material in question, in this case the
cubic phase. One of the plates twists to provide an oscillatory strain γ with
frequency ω, which induces stress σ(t) in the material[168, 169]. The sample
then imposes a torque to the other plate in response to the shear deformation,
which is time dependent. The response time between the applied shear and
the lower plate relates to the stress in the material and its viscoelastic nature.
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Figure 6.3(a) shows a typical rheology experiment and response. Stress in an
ideal elastic material will be directly proportional to the strain deformation
whereas a viscous or viscoelastic material will exhibit time dependent behaviour. This is viscosity. As the oscillation is sinusoidal there are real and
complex parts to the response, the storage (G0 ) and loss modulus (G00 ), which
characterize the solid-like and fluid-like contributions [170]. For a sinusoidal
strain of
γ = γ0 sin(ωt)

(6.4)

σ(t) = G0 (ω)γ0 sin(ωt) + G00 (ω)γ0 cos(ωt)

(6.5)

the stress response is,

The graph in 6.3(b) shows the frequency dependence of the response for
a viscoelastic material. At low frequency the viscous nature of the material
dominates as G00 is larger than G0 . At higher frequencies solid like behaviour
dominates [170]. This technique was used for this experiment to characterize
the cubic phase, to see how it responds to shear deformation, for comparison
to stretching/compression.
Electrorheology is the study of rheological properties of materials under
strain. It can be the study of the strain response of a material under an
electric potential, or the electrical properties of a material with strain[171].
The experiment presented in this chapter is a version of the latter. Structural
changes to the cubic phase material with the size-variable pore can be revealed
by conductance.
It known that shear and compression can cause alignment of the cubic
(or other) mesophases [72, 134]. Alignment of the cubic phase within the pore
would manifest as an increase in conductance, compared to an unaligned phase

6.2 Introduction

125

Figure 6.3 (a) The material is put under an oscillatory shear
with frequency ω. The time dependence and phase difference
between the stress and strain in the material relates to the viscosity of the sample. (b) Time dependent stress σ is measured
which is comprised of two components, the storage and loss
modulus. These vary and give information about the viscosity and relaxation times of the sample. Images adapted from
[44, 168, 170]

[78, 88]. However, an increase in current due to alignment might be hard to
distinguish from other possible outcomes from compression or stretching shown
in figure 6.1.
The rest of this chapter describes and discusses an experiment performed to
investigate the effect of strain on the ion transport through the cubic phase of
phytantriol. The cubic phase was put inside a size-variable micropore and the
pore stretched or compressed as the current measured. The effect strain had on
the cubic phase related to how stress dissipated through it. Rheology was also
used to investigate the time scales involved in the relaxation of the material.
It was found that the longest relaxation time from shear rheology matched the
shortest relaxation time measured by conductance. The main result was that
the cubic phase exhibited negative piezoresistance and, on occasion, positive

6.3 Materials and Methods

126

piezoresistance.

6.3

Materials and Methods

Ultrapure (18.2 MΩ) water was used to make 0.1 M KCl (Sigma Aldrich) solution for the measurements. This was injected into the reservoirs and the wires
cleaned (with acetone and isoproply alcohol, both from Sigma Aldrich) and
inserted into them before measurement. A potential of 1 V (low bias regime)
was applied with a Keithley 2400 voltage-source unit and the corresponding
current measured through the pore. The corner clamp screws were turned
every 30s, minute or 5 minutes either a single axis at a time or biaxially with
both axes at once. The electrical measurement was controlled with a LABview
program written to record the current with time.
Phytantriol (from Adina Cosmetic Ingredients) was applied to the cruciform in the same manner to chapter 5. After the application of either a
symmetrical or an asymmetrical droplet, the cruciform was clamped into the
cell and the reservoirs filled with KCl solution. The parts of the reservoirs
that were exposed to air were covered to limit evaporation as the droplet was
left to form the cubic phase overnight. It is assumed that the thickness of
the symmetrical lipid droplet is unchanged upon stretching. The droplet was
much larger than the pore to limit the contribution of droplet thinning to the
current measurements. However, this would not be the case with an asymmetrical deposit, as the smaller interface near the pore would greatly affect the
measured current, which was the initial point of the experiment.

6.4 The Experimental Set-Up
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Rheology Methodology

To investigate the effect of strain and the dissipation of stress through the
cubic phase, rheometry was performed. A HR-3 stress controlled Rheometer
from TA instruments was used with a flat plate geometry. Oil was used around
the edge of the plate to limit water evaporation from the phase as the loss of
water affected low frequency measurements. A strain of 0.01% was used for the
frequency sweep. This strain was much lower, around 100 times lower, than
the strain applied to the variable pore. An initial amplitude sweep, performed
at 1 Hz, indicated that such a low strain should be used to avoid breaking
the cubic phase. Therefore, it is likely that the cubic phase breaks during
stretching; this will be discussed more in the rheology results section.

6.4

The Experimental Set-Up

The experimental set-up will be split into sections for discussion. The first
section will address the size-variable pore, with the second section discussing
how the measurement cell around the pore was designed. The final section will
address the stretching equipment and electrical measurement. These will be
discussed in order.

6.4.1

The Izon Pore

The kind of variable pore used for this experiment is from a company called
Izon. A sharp electrochemically etched tungsten tip is inserted into taut thermoplastic polyurethane (TPU) to give a defined conical pore with the diameter
at the smallest entrance being 1.99 - 11.3 µm depending on the strain applied
[158, 159]. The pore membrane is attached to a TPU cruciform to allow for
stretching. Figures 6.4(b-d) shows the shape of the pore with (c) covered in
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Figure 6.4 The Izon cruciform (a, b, c) and a schematic of
the pore itself (d). (a) The cruciform is made from TPU and
has four axes that can be pulled to open or close the pore. The
distance between the sets of 3 holes at the end of each axis is
41.8mm. (b) Closer image of the pore in the centre of the thin
TPU material. This is the larger entrance of the conical shaped
pore, the smaller 1.99µm diameter is on the reverse side. (c)
The size of the droplet of phytantriol that is applied to the
TPU membrane over the pore. It is much larger than the pore
diameter. (d) The schematic of the conical pore. The droplet
size and pore size are not to scale.

lipid deposit. Image (a) shows the cruciform in total. The Izon pore is usually
used for size determination where the smallest diameter dominates the measurement. The Izon pore has been designed for use with specialist equipment for
measuring the size distribution of nanoparticles, viruses and other nanoscale
components in solution [158, 172]. For this experimental work, a custom-built
set-up was therefore built around the Izon pore to measure the conductance
of the cubic phase in an asymmetrical and symmetrical deposit. Clamps were
used to stretch and release the micropore containing the deposit; these were
attached to each axis of the cruciform. The conductance was measured continuously to try to link conductance features to expansion/compression and
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relaxation effects.

6.4.2

The Electronic Measurement Cell

The cell itself had to be designed to allow for four electrode measurements with
plenty of liquid either side of the pore to allow for phase equilibration. The
cruciform was sandwiched between two PDMS (polydimethylsiloxane) o-rings
produced using Sylgard 184

R

and PTFE (polytetrafluoroethylene) moulds,

as shown in figure 6.5(a). Preparation consisted of mixing two components in
a ratio of 10 (base):1 (curing agent) for 10 minutes, removing air bubbles in
a desiccator for 20 minutes, pouring in the molds and baking at 40◦ C for 50
minutes. The o-rings had to fit snugly with the cruciform to avoid leaking and
had to also allow for electrode access. The cell was left to open air to maintain
the pressure inside the cell upon stretching of the cruciform. The lower o-ring,
an elongated circle, came out beneath the cruciform with two reservoirs either
side of its central section, shown clearly in figure 6.5(b). The upper o-ring was
circular and formed a tight seal with the central section of the cruciform. The
upper reservoir was left open for electrode insertion as shown in figure 6.5(a)
and (b).
The lower o-ring was placed on a PTFE block and the cruciform laid diagonally over it, as indicated in figure 6.5. The upper circular o-ring was placed
over the central section of the cruciform to create the KCl reservoirs. A final
square PTFE block with a hole in the centre was placed on the upper o-ring
and two screws were used hold the cell together tightly. Four electrodes were
inserted into the cell reservoirs for the electrical measurements in order to measure the potential across the pore in (c). Two platinum current electrodes and
two silver reference electrodes were used. The reference and counter electrode
were in the lower part of the cell, and the sensor and working electrodes in the
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Figure 6.5 Schematic for the experiment. Two PDMS orings sandwich the cruciform and form two compartments for
KCl solution. These are held in place by PTFE blocks and
screws. Metal clamps attach to the cruciform allowing for stretching of the pore diameter, the flexibility of the PDMS allows
for stretching without leaks. (a) A cross-section through the
set-up perpendicular to the stretching axis. (b) Birds-eye view
of the set-up showing the two current and potential electrodes. (c) Electrical measurement schematic. The current and
potential is measured across the pore.

top.

6.4.3

The Complete Set-Up

Stretching of the pore was performed using custom made clamps that attached
to the three holes in each end of the cruciform, visible in figure 6.4(a). These
clamps had three teeth and were attached to a pair of corner clamps via four
units that were screwed onto the moving clamp pieces. Figure 6.6 shows a
photograph of the set up in action. The pair of yellow corner clamps have the

6.4 The Experimental Set-Up

131

units and cruciform clamps securely attached to allow for biaxial stretching.
Each axis was given a label corresponding to the clamp number, 1-3 or 2-4.
For each experiment, the corner clamp screws were turned the same amount,
either half, a quarter or an eighth of a turn. Although this lacks accuracy, two
micrometers were used to precisely measure the distance travelled. Each turn
was performed at a regular interval, tS , ranging from short step times of 30
seconds or 1 minute to longer intervals of 5 or 10 minutes. The distance stretched, ∆x could then be converted into strain, α, using the distance measured
by the micrometers along each stretching axis, in equation 6.6.
For the electrical measurement itself, the current across the pore was measured by four electrodes. Each Pt or Au wire is attached to the PTFE block
with blutac and then fed into pin headers (RS components) soldered onto a
piece of breadboard (RS components). This allowed for easy connection and
less noise due to vibrations or the accidental touching of wires.
The length of the cruciform was changed at different rates and with long
or short pauses between changes. This was done to investigate possible time
dependent properties of strain on the cubic phase. Observations of the currenttime behaviour gave information about the relaxation time of the material.
Each turn of the screws caused a change in the geometry and applied a strain
to the cubic phase. Both of these effects contributed to the total current (or
conductance as 1 V was used). In order to isolate the behaviour of the cubic
phase from the changing geometry, the clean pore had to be thoroughly characterized. The current response of the lipid deposit could then be compared
to the clean pore. The next section presents characterization of the clean pore.
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Figure 6.6 Actual photographs of the equipment showing the
entire set-up (minus Keithley 2400). The yellow corner clamps
are attached to the clamps holding the cruciform. Each axis,
1-3 or 2-4 could be stretched together or independently, where
1, 2, 3 and 4 are the label of each clamp. Turning the screws
a defined amount allowed for controlled stretching of the pore
diameter.

6.5

Clean Pore Characterization

In this section, results of the characterization of the clean pore are discussed.
Typical current responses to stretching and release are shown and the method
for converting the time axis to strain will be described. The relaxation time of
the TPU membrane will be shown to be around 2-25 s seconds depending on
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the applied strain, indicating a fast relaxation of the TPU material. Hysteresis,
exhibited by the TPU membrane at the end of each stretching cycle, will be
shown to be due to high-applied strain. It will be shown that the clean pore
can be modelled with a power law or quadratic equation. The latter involves
the access and internal resistance of the pore from equation 6.3, and has been
designed to also include the hysteresis measured at the end of each stretchrelease cycle. This model is used to fit the lipid deposit in the subsequent
sections as it describes the experiment better than the power law.
During experiments, the clean pore gave a clear stepwise response for each
change in radius and strain, shown in figures 6.7. The figure shows an example
of a single stretching, (a), and release, (b), cycle of the clean pore. It was
stretched with a short time interval between screw turns tS , of 1 minute. Note
that the release cycle does not go back to the original current. This is likely
due to an increase in pore size after stretching. The TPU membrane is elastic
but at this (high) strain and in the timescale of this experiment it requires
more time to relax back to the original radius. In both cycles, both of the
axes 1-3 and 2-4 were altered for each step in current, one axis was changed
with the other axis immediately afterward. This is why there appears to be
a small step half way through the larger step in current. Using the time axis,
the distance moved measured using the micrometers, ∆X, was used to change
the time to strain α,

α=

∆X
.
X0

(6.6)
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Figure 6.7 Conversion from time to strain. The raw stretch
(a) and release (b) data are converted using the strain measured with the micrometers. The strain on each stretching-axis
is plotted against the time and straight lines fit to the data
for stretching (c) and release (d). The fitting parameters can
then be used to convert the time axis into strain in (e). Here
the amount turned on the release (red in (e)) does not match
the stretch (black in (e)). This could be reduced by using a
combination of the 1-3 and 2-4 axes in (e) however the 1-3 axis
is used throughout the data analysis for simplicity.
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Plotting the strain,

∆X
,
X0
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each time, t, the screw was turned gives a straight

line, which was used to change the time axis to strain for all data (X0 is the
un-stretched cruciform length which is 41.8 mm). Figure 6.7 shows an example
of this process. The raw stretch and release data are shown in (a) and (b); the
current response to strain changes with time. Linear fits of the strain change
along the 1-3 and 2-4 axes, in (c) and (d), gave values for the gradient and
intercept allowing the final conversion to strain shown in (e). The converted
data does not match up directly for each step change in strain and shifts along
the strain axis in (e) depending on which stretching-axis has been used. This
difference originates from the inability to turn the screw exactly the same
amount each time. A combination of both stretching axes could match up the
current-strain data, however, switching the calibration axis does not accurately
represent the experiment. For all of the conversions, the strain change along
the 1-3 stretching-axis was used for continuity and simplicity.
It did not take long for the PET pore material to relax after a stretching
event. The current flattened around 5-25 seconds after an increase in strain
shown in figure 6.8. The relaxation times, τ , were found by fitting the current
response with an exponential,
−t

I = I0 − Ae τ ,

(6.7)

for stretching and
−t

I = I0 + Ae τ ,

(6.8)

for release, where I0 is the x-axis intercept after completion of the step and A
is a constant value (larger than 1). Both I0 , A and τ were free parameters in
the fit. Willmott quoted the relaxation time for TPU to be around 30 s but
stated that it varies widely depending on the stretching history of the pore
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which is corroborated by these results[173].
Each step in strain produces a current that relates to a change in geometry
of the pore. The pore radius changes in size but the length of the pore could
also change. The pore may thin upon stretching and thicken upon release, as
it is made from an elastic material. It is quoted as having Poisson’s ratio of
0.49, which implies that the length and radius will both change[173]. In order
to investigate this effect on similar Izon pores, Willmott et al [173, 174] fit a
simple power law relation to clean pore stretching data,
I = a + Aαn .
Where α is the strain which is

X
X0

(6.9)

and n, A and a are free constant parameters.

Willmott states that this fit does not aim to capture the physical mechanism
behind the stretching process but it will show if the length of the pore changes
significantly upon stretching. If thinning or thickening of the membrane has
a small effect on the current then n = 2 [173, 174]. All the clean pore data
is shown in figure 6.9. As there were issues with the time measurement on
the LabVIEW program (only for clean pore data), a single current value for
each strain has been plotted. These were read from the current-time graphs
just before the next screw turn, where the current had flattened and become
constant.
Current-strain data for high strain stretching is shown in figure 6.9 (a)
and release in 6.9 (b). The current has been normalized to the initial current
during the experiment, just at the start of a single stretch-release cycle. Fitting
equation 6.9 (labelled as power on the figures) shows that the power law fits
to this data well giving an average value for n of 1.5±0.1 for the stretching
cycle, in (a) and 1.5 in (b) with no error due to non-convergence. These values
are very similar to the values obtained by Willmott et al and are close to
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Figure 6.8 Typical stepwise current response to small (a, b)
and large (c, d) changes in strain for stretch (a, c) and release
(b,d). Fitting an exponential to the current after the stepwise
change gives an idea of the relaxation time of the TPU material.
The exponential fits well for the majority of clean pore data
giving a relaxation time of 2-5 seconds for low strain and 5-25
seconds for high strain. Purple arrows note at what time the
strain was changed.

2, indicating that the pore length does not change much during stretching
(also deduced by Wilmott). However, the fit does not converge for the release
data so there is a clear need for another fitting model: one that is slightly
more thorough and also includes the access resistance and pore resistance as
in chapter 5.
The conductance of the cylindrical pore is shown in chapter 5 and here in
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equation 6.3. It includes the pore geometry and the access resistance. The
IZON pore is not cylindrical but modelling the pore this way should give an
idea of the effect of strain on the pore geometry and will give parameters to
compare the lipid deposit results too. The pore length remains constant so L
is fixed to 200 µm. Substituting r =

∆X
X0

does not fit the data so a quadratic

polynomial is used for r instead, following Willmott et al [173, 174]. The radius
in equation 6.3 is set to r = r0 (a0 + a1 α + a2 α2 ) to give
I
2κπr02 (a0 + a1 α + a2 α2 )2
=
.
I0
2L + πr0 (a0 )2

(6.10)

Keeping r0 free, equation 6.10 fits well (R2 =0.94) for the release runs, labelled
polynomial in figure 6.9 (b). However due to the current normalization, it
makes sense to fix the fit for the stretching data to go through the origin for
stretching runs, in (a). In order to do this a0 was set to its positive root
a0 =

πr0 +

p

π 2 r02 − 4(2κπr02 )2L
.
2(2κπr02 )

(6.11)

There is hysteresis in the current for high strain stretching data likely due
to the TPU membrane requiring a longer time to return to its original shape.
The release current does not fall back to the original value indicating that
there is a change in the pore geometry after the application of strain. When
fitting to the stretching data, the pore radius was set to 2.00 µm, around the
value quoted by IZON (it would not converge otherwise). The radius was a
free parameter for the release fit and gave r0 = 3.22 µm indicating that the
pore was larger after a stretching cycle.
The pore itself is conical, not cylindrical. Regardless, the polynomial fits
the data well (R2 =0.95 for stretch and R2 =0.94 for release) using values for
the pore length and radius quoted in literature [158, 159, 172, 174]. This
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Figure 6.9 The stretch (a) and release (b) data for the clean
pore from a few experiments stretching half a turn each time
and waiting 30 seconds between each change in strain. The fit
from the quadratic polynomial and the power law is shown on
each. The polynomial fit is fixed to go through the origin in
(a). Small strain changes using a turn of an eighth produced
data shown in (c). Low strain data does not need a separate
release model as all the data fits the stretching polynomial.

model relates to the physical geometry and size of the pore and therefore
describes the current-strain relationship better than equation 6.9. Experiments
described thus far in figures 6.9 (a) and (b) are high strain measurements
where the screws were turned by half. It is interesting to compare them and
the corresponding polynomial fits to low strain data.
Low strain data does not exhibit hysteresis after a stretching cycle. Data
from low strain stretch cycles, where strain was changed a small amount each
time, is shown in 6.9(c). Both low strain stretching and release data fit the
stretching polynomial very well (R2 =0.98) but not the release as there is no
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hysteresis at end of the cycle. More careful stretching leads to more reversible
behaviour. It is possible that the TPU membrane becomes over stretched at
higher strain, causing hysteresis, resulting in a larger effective radius at zero
strain on release. Additionally, there is likely backlash at high strains from
areas of the cruciform that over stretch. For lower stain experiments, the pore
is less stressed and is able to relax fully limiting hysteresis.
An alternative explanation for low strain behaviour has been suggested
in literature. It has been suggested that there are two regimes for clean pore
stretching by Willmott [173, 174]. One is a low strain regime where the wrinkles
and defects of the pore dominate until the pore is taut causing a low current.
The second is a higher strain regime where, once taut the pore will increase in
geometry physically relating to the behaviour described above. If this were the
case, then the pore radius will not increase at low strains and the stretching
will be more reversible. There remains a possibility that the lack of hysteresis
in figure 6.9(c) could be due to pore imperfections.
The reality is that careful stretching, with small changes in strain, differs
from higher strain data due to backlash, not because of pore imperfections. A
log-log plot shows Willmotts suggested regimes clearly. Figure 6.10 shows the
corresponding plots for high strain stretching in (a), and release in (b), where
the two regimes are highlighted. For large changes in strain, it appears that the
strain has a smaller effect on the current at lower strains than higher, forming
two regimes. This can be compared to more careful stretching shown in (c),
where the low strain data from 6.9 (c) is shown on a log-log plot with high
strain stretching data and the corresponding stretching polynomial fit. The
low strain data (the continuous data) fits the polynomial very well, more than
the high strain data. This indicates that the low strain current data relates
to the changing geometry of the pore and not imperfections and un-wrinkling.
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Figure 6.10 The data from high strain clean pore stretchrelease experiments highlighting the two suggested regimes by
Willmott et al [173, 174] for stretch (a) and release (b). The
axes have been changed to log-log to show the two suggested
regimes clearly. Low strain, careful stretching cycles are shown
overlaid on high strain data in (c). The inset is a close-up of
the dotted square and clearly shows that low strain data fits
the polynomial model well. Data points are high strain data
and continuous lines are low strain.

More careful stretching limits the effects of backlash and over-stretching of the
TPU membrane, which are present for large strain changes and at high strain.
In summary, the clean pore can be modeled with a quadratic polynomial
equation which takes into account low and high strain behaviour. The polynomial models the pore as a cylinder and although this is a gross approximation,
the fit describes the data well. The parameters from the polynomial fits for
stretching and release can be used to isolate the behaviour of the Q224 lipid
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deposit from the changing geometry. The next section will address the difference in conductance behaviour between the clean pore and the cubic phase
deposit.

6.6

Lipid Deposit Results

Stretching and release experiments on a symmetrical lipid deposit were performed with long and short time intervals. Longer time interval experiments went
to higher strain than smaller time intervals. An asymmetrical deposit was also
investigated with long time intervals in order to measure the effect of strain
and tension on the smaller lipid interface near the pore entrance. Discussion
will initially focus on the general trend in current as this can be compared to
the clean pore. Then focus will shift to the specifics of each current step; the
relaxation time response and current dependence with time after each strain
change.
This section is split into two; experiments with long tS and experiments
with low tS (to reiterate, tS is the waiting time period between strain change).
After presenting a selection of the results, (many were taken and the rest are
shown in the appendix) data analysis and discussion about interesting piezoconductive effects measured in the cubic phase will follow. The final section of
the results will involve rheology experiments where the relaxation time of the
cubic phase’s response to shear will be compared to the timescales involved in
this experiment.
Long tS experiments that go to high strain will be discussed first, comparing
the symmetrical to asymmetrical deposit, followed by results from short tS
and low strain experiments on symmetrical deposits. Note that only typical
measurements will be shown in the following sections for simplicity. The data
has been normalized for clarity and easy comparison. The results from all the
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stretching experiments are shown in appendix A.3.

6.6.1

Long Strain Step Time

Steps in current due to strain changes can clearly be seen regardless of whether
a single side or both sides of the pore were covered in lipid, shown in figure
6.11. The initial current through the pore was inhibited by around 20-30 times
due to the presence of the cubic phase for both deposits (symmetrical and
asymmetrical), in agree ment with the previous chapter 5 and literature [4, 20–
22, 26–29, 75, 92, 147]. All data has been normalized to the initial current for
the first sweep. Notably, the symmetrical deposit exhibits a hysteresis between
stretching and release that is consistent with the clean pore. This indicates that
any deformation of the cubic phase is reversible and elastic within the broader
sense of a complete stretching cycle. The hysteresis is of the same order as the
TPU membrane. Therefore the model used for the clean pore, and the pore in
the previous chapter, can be applied to the cubic phase measurements.
There is a general trend for the current to increase with each stretching and
release cycle of the cubic phase. This occurs with both the symmetrical and
asymmetrical deposits and is much greater than any increase due to stretchrelease cycling in the clean pore. Figure 6.11 shows a comparison between long
time scale stretching (tS = 5 or 10 mins) of a symmetrical deposit in (a) and
with an asymmetrical deposit in (b). The black and red dashed lines show the
polynomial fit from the clean pore data. A rough error due to the spread of the
clean pore data is indicated by the dotted lines around the dashed fit. Initially
the the symmetrical deposit follows the fit for stretching and release. After
one or two cycles

I
I0

increases (with strain) beyond that of the clean pore. This

implies that strain changes, at this rate and turn amount, cause the deposit to
behave in a positive piezoresistive manner as the current increases beyond that
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Figure 6.11 Typical normalized current-strain measurements for a symmetrical lipid deposit in (a) and an asymmetrical deposit in (b). The time between changes in strain, tS , is 10
minutes for (a) and 5 minutes in (b). The polynomial fits have
been overlaid on the figures for stretching (black dashed line in
a(i) and b(i)) and release (red dashed line in a(ii) and b(ii)).
The small dotted line around the fits indicates a rough error
from the spread in clean pore data. The symmetrical deposit
data lies initially within the expectations of stretching from the
clean pore but then increases beyond expectations. The asymmetrical deposit is initially similar, after the first cycle the current increases irreversibly beyond geometrical expectations due
to lipid detachment and possible loss of material.

which can be explained by the geometry alone. This effect will be addressed
later in the discussion section 6.8. After stretching, the symmetrical deposit
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returns to a similar current value, indicating that the material in the pore
is relatively unchanged after each stretching cycle. In contrast, the current
through the asymmetrical deposit increased by around 60% after each cycle.
The initial behaviour of the asymmetrical deposit was similar to the symmetrical deposit, indicating that the lipid was initially on both sides of the
pore, in agreement with experiments with the 20 µm pore in the previous
chapter. The smaller interface near the pore entrance clearly had an effect on
the total current after cycling as it increased by 60% at 0 strain with each
cycle. It is likely due to loss of material from the pore.
Loss of material from the pore occurred in experiments presented in the
previous chapter, due to the application of high bias. For the data in figure
6.11 (b), the current did not return to the original value, even after a significant
amount of time (not shown on figure), showing that the localized deformation,
and loss of material, of the cubic phase near the pore entrance was irreversible. Hence, most studies were performed on a symmetrical deposit instead, as
interesting current effects and relaxation processes within the cubic phase material could be investigated without complexities introduced due to the small
interface near the pore entrance.
Looking closer at the high strain data, the individual current step response
also shows cycle dependent behaviour. For the symmetrical and asymmetrical
deposit; the first cycle showed a current response not dissimilar from the clean
pore but with a relaxation time varying from 20-50 seconds (not shown on
figure but discussed in more detail in section 6.6.3). With increasing cycle
number, stress effects within the phase are more obvious. The symmetrical
and asymmetrical deposits both show a trend for the current to start to fall
after an increase in strain, which gets more pronounced at high strain and with
each cycle. Similarly, on release, the current increases after each strain change
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also becoming more pronounced as the experiment progresses.
The phase requires a longer time to relax with each cycle. This shows
that stress is not fully dissipated in the material, resulting in an increase in
relaxation time that caused or enhanced negative piezoresistance. The initial
fast response of the cubic phase shows that it dissipates stress quickly behaving
like scheme (f) in figure 6.1. As the relaxation increases at high strain and with
each cycle, and the currents return to the expected value at zero strain, the
negative piezoresistance could be due to domains and water pocket formation,
or (d) in the schemes figure. Alternatively, it could be attributed to (a) in
figure 6.1 as elastic deformation would cause the aqueous channels to thin and
the conductance to fall slightly. After some time the structure would relax and
form into scheme (e).
Other schemes can be ruled out. If there was a phase change, the currents
would decrease significantly. It is expected that a phase change would cause
the current to decrease to below the clean pore fit. If the lipid detached from
the membrane, the current would increase drastically, which is what essentially
happens in the asymmetrical deposit. The timescales involved with relaxation
within the cubic phase will be compared to those obtained by shear rheology
later in section 6.6.3. These experiments were performed with a long tS of 5 or
10 minutes of which all of the data taken is shown in the appendix in figures
A6 and A7. It is interesting to compare them to results from shorter, faster
experiments.

6.6.2

Short Strain Step Time

As with the previous section, discussion of the short tS stretching data will
begin with a general view, comparing the overall trend with the clean pore fit to
focus on the piezoconductive effects. Following this, a more detailed look into
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Figure 6.12 Typical normalized fast stretching experiments
on a symmetrical deposit of the cubic phase. The screws were
turned a quarter in (a) and an eighth in (b). The initial blue
experiment in (a) was performed with tS =5 minutes however
this was changed to 1 minute afterwards. The polynomial fits
from the clean pore data are overlaid on each graph. Again,
the lower strain experiment in (b) fits only the stretching polynomial.

the individual current step responses after strain changes will be discussed with
reference to the relaxation times involved and the physical schemes described
in figure 6.1.
In order to explore the piezo-conductivity of the cubic phase and compare
to the clean pore, shorter strains and time intervals between stretches were
used with a symmetrical deposit. This was done experimentally by turning
the screws less each time, either a quarter or an eighth of a turn every minute.
Typical resulting (and normalized) current and strain data are shown in figure
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6.12 with a quarter turn in (a) and an eighth of a turn in (b).
The first cycles of the stretching (a(i)) data follow the clean pore fit. The
current plateaus implying the phase relaxes after 5-15 seconds, shown later
in section 6.6.3 in more detail. The release data (a(ii)) return to a lower value than the stretching data possibly due to some loss or re-arrangement of
material in the pore. Regardless, after 1 or 2 cycles the normalized current
increases significantly beyond that of the clean pore fit. This effect was also
seen with long tS in 6.11 (a) and is of a similar amount. Therefore, the rate
of change of strain does not impact on the amount of current increase observed. Again, taking the scatter of the clean pore data to be indicative of error
(shown by the dotted lines around the dashed fit), the later stretch-release
cycles definitely lie above the error. As this effect also occurred with slower
experiments in 6.11, it can be concluded that there is some process that increases the ability of the cubic phase to conduct with high-applied strain. This
is negative piezoresistance. A high strain within the cubic phase introduces
negative piezoresistance, this can be compared to low strain data.
Lower strains also hint at the possibility of negative piezoresistance, in
figure 6.12(b). The current increases slightly more with applied strain than
the clean pore fit. However, when considering the scatter in the clean pore
data as an error (the dotted lines) it is difficult to conclude with certainty that
the low strain data does exhibit piezoresistivity. In order to do this, the data
must be compared to similar low strain clean pore measurements.
The low strain release data differs from the high strain as it does not
match the clean pore release fit, shown in (b(ii)). It fits the stretch fit instead
indicating that there is little hysteresis in the low strain stretching. This
follows the low strain clean pore results from figure 6.9(c) where the data only
followed the stretching fit at low strain for all the complete cycles. There is
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little spread around the low strain clean pore data in 6.9(c) which signifies
that the error indicated by the dotted lines does not apply for such low strain
experiments. Therefore, any deviation from the clean pore fit implies that
changes in current behaviour is purely due to the presence of the lipid deposit.
This also implies that the cubic phase is piezoconductive, even at low strains.
This is present in all of the short tS measurements shown in the appendix in
figure A8.

6.6.3

Stepwise Current Response

The individual current response to a stepwise change of strain on the cubic
phase reveals relaxation and possible structural information. For the clean
pore, the time taken for the current to plateau is the relaxation time of the
TPU membrane shown previously in figure 6.8.
There is a variety of current responses to each strain change. The responses
have been summarized in figure 6.13. The figure shows the stretch and release,
depending on the direction of the arrow, response measured in the cubic phase.
Note that not all of these responses were present in each individual experiment
but they were typical for long and short tS stretching. The first response, (i)
was more prevalent at lower strains in both long and short cycles. Response
(ii) was typical for long tS stretching and (iii) was the least common of the
three. These three current responses will now be discussed in order.
Frequently, the current would plateau after a strain change, which indicated
that the cubic phase was able to fully relax. A plateau in current is response
(i) in figure 6.13 and is due to relaxation of the phase within the timescale tS
of the strain change. The relaxation process is therefore fast which is scheme
(e) from 6.1. Data examples of response (i) are shown in figure 6.14. Fitting
an exponential, in a similar manner to the clean pore in section 6.5, gives the
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Figure 6.13 Some typical current response steps. Top step
is the release, middle, the stretch and the lower step indicates
the strain change. (i) a fast relaxation to a constant value,
(ii) current is steadily changing in the opposite direction to the
step, decreasing for positive changes in strain and increasing for
negative, (iii) the opposite of (ii). Responses (iv) and (v) are the
more unusual responses observed, but they were observed more
then once. The unusual responses involve the current behaving
counter intuitively, decreasing immediately after a stretch and
increasing after, or increasing immediately after release. Step
responses (ii), (iii) and (iv) likely have more than one relaxation
process.

relaxation times for the cubic phase. Although some of the data is noisy, the
exponential fits the current well giving a relaxation time of 5-15 seconds for
low strain and 25-50 seconds for high (from multiple experiments).
The current reaches equilibrium for response (i) so the relaxation times
from the cubic phase can be compared to the clean pore. The approximate
relaxation times obtained from the clean pore and the lipid experiments are
shown in table 6.1. For both low and high strain experiments, the lipid de-
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Figure 6.14 Typical data showing current response (i) where
the current plateaus after a strain change. Purple arrows note
at what time the strain was changed. Low strain are shown in
(a) and (b) and high strain in (c) and (d) with (a) and (c) being
stretch data and (b) and (d), release. The relaxation times are
from the exponential fits, shown by the red dotted line, the
inset shows a close up of the fit.

posit has a longer relaxation time than the TPU membrane showing that the
difference is due to the cubic phase relaxation. It can be up to double that of
the clean pore. Cubic phase relaxation is measured by shear rheology in the
section 6.7 giving additional relaxation times for comparison.
The additional current responses are more complex. Data exhibiting response (ii) in figure 6.15 shows current that decreases after an increase due
to strain change or increases after a decrease due to strain change. Expo-
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Low Strain
High Strain

Clean Pore Relaxation
Times
2-5 seconds
5-25 seconds
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Cubic Phase Deposit
Relaxation Times
5-15 seconds
20–50 seconds

Table 6.1 A table presenting the relaxation times from exponential fits of the current responses of the clean pore and the
cubic phase for low and high strain.

nentials can be fit to this data and it shows a more varied relaxation time,
which is much longer for large strain changes in (c) and (d). It is unclear
how meaningful this analysis is, not all the data could be fit, nevertheless
the varied and longer timescales indicate another process occurred during the
experiment, which changed the current response, in addition to cubic phase
relaxation. The process involved are linked to the cubic phase relaxation and
equilibration, multiple stretching schemes could occur at once. In section 6.6.1,
response (ii) was attributed to water pocket formation, or mesophase stretching
and channel deformation, schemes (a) or (c) on figure 6.1 respectively, which
became more prevalent with each cycle and at high strain.
In comparison, response (iii) is somewhat the opposite of (ii). Figure 6.16
shows typical data exhibiting a steady current increase after a strain increase,
and a steady current decrease after a stain decrease. Exponential fitting gives
a similar relaxation time to response (i) of 30-70 s however, they could only
be fit to part of the responses and not all of them. The high strain data was
scarce as these responses were observed infrequently and could not be analyzed
this way. As the relaxation times for low strain stretching are similar to (i)
it can be concluded that the cubic phase is quickly relaxing as in scheme (e).
High strain data shows much longer and steeper background current. The
relaxation process and deformation could be the same as low strain but with
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Figure 6.15 Typical data showing current response (ii)
where the current decreases after an initial increase due to a
stretch, and where the current increases after an initial decrease
due to release. Low strain are shown in (a) and (b) and high
strain in (c) and (d) with (a) and (c) being stretch data and (b)
and (d), release. The relaxation times are from the exponential
fits, shown by the red dotted line and the inset shows a close up
of the fit. Relaxation times are longer for these responses due
to the high strain and possible water pocket formation. Purple
arrows note at what time the strain was changed.

a longer relaxation time due to the added strain, scheme (a) in figure 6.1.
In addition to the three common current responses, two more responses
that are unusual were observed. These are displayed in figure 6.17. The first,
which will be called response (iv) from now on, is shown in (a) and (b). It is
unusual because the current does not increase in the same stepwise manner.
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Figure 6.16 Typical data showing current response (iii)
where the current increases after an initial increase due to a
stretch, and where the current decreases after an initial decrease due to release. Low strain are shown in (a) and (b) and high
strain in (c) with (a) and (c) being stretch data and (b), release.
There were few examples of this response for high strain and
so there is no release data to display. The relaxation times are
from the exponential fits, shown by the red dotted line and the
inset shows a close up of the fit. Relaxation times for low strain
data are similar to response (i) around 30-70 seconds indicating
that a similar process occurred. High strain data could not be
fit. Purple arrows note at what time the strain was changed.

The current exponentially increases after a strain change and there is no fast
initial stepwise change as with (i), (ii) and (iii). Furthermore, the current
decreases partially when the strain is increased, in (a), and increases after
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Figure 6.17 The more infrequent unusual current responses
from stretch-release cycles. The top two graphs ,(a) and (b),
show response (iv) where the current does not follow a stepwise
increase and can be fit with one or two exponentials. Fitting
with two exponentials matches the data better than one which
give two relaxation times and indicates that there could be two
deformation processes occurring. The lower graphs, (c) and (d)
show positive piezoresistance where the current decreases upon
stretching and increases upon release. Exponentials could not
be fit to the positive piezoresistance parts of the data but could
be fit to some of the steps afterwards indicating a return to a
more standard current response with fast relaxation. Purple
arrows note at what time the strain was changed.

a decrease in strain, in (b). This is in complete opposition to the changing
geometry and is indicative of positive piezoresistance.
The second unusual response, (v), has a similar positive piezoresitance
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response but it is even more defined, shown in figure 6.17 (c) and (d). The
current falls due to a stretching event, and steeply increases again afterwards
in (c). Likewise, the current increases after a decrease in strain in (d).
Time constants can be found from fitting some of the unusual responses.
Response (iv) exhibits multiple relaxation times. Three different fits are shown
for stretch and release which indicate a long relaxation time with at least two
time constants. Piezoresistive data exhibiting response (v) could not be fit
in this way. Time constants measured after the response became more usual
exhibited short relaxation times that do not correspond to the piezoresistive
process, shown in 6.17 (c).
There are two possible physical explanations for the positive piezoresitance.
One could be scheme (b) in figure 6.1, which is a phase change to a less hydrated
(Lα , Q230 or HII ) which is less conducting. After some time the phase changes
back to Q224 and the current increases. Judging from the data, this scheme
points to a fast phase change from Q224 with a slow transition back.
Alternatively, the phase could transition to a more disordered sponge phase
where the initial phase transition causes a reduction (for stretching) in current
which then increases as the sponge phase forms. Upon release the current
increases due to extra channel connectivity and continues to increase due to
relaxation of the sponge phase. The sponge phase can flow much more efficiently than the cubic phase leading to faster relaxation times shown in figure
6.17[164].
Another possibility is that domains of the cubic phase shear and lose connectivity after an increase in strain, which is a version of scheme (a), resulting
in the reduction in current upon strain increase. However, a reduction in
current would also be expected to occur on release, which is not observed.
In summary, it has been shown that fitting an exponential to the current
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response reveals the time scales of internal structural re-arrangements of the
cubic phase upon extension and compression. Small and careful strain changes
allow the cubic phase to relax whereas higher strain changes increase the relaxation times due to cubic phase breakage or water pocket formation. At strains
above 0.1, piezoresistance is also observed which indicates the possibility of a
phase change.
For comparison, shear rheology was used to investigate the relaxation time
for the cubic phase at a low strain that would not alter the nanostructure. It
was hypothesized that the timescales from rheology would relate to some of
the relaxation times measured. Rheology allows for the study of a material’s
response to strain. It measures how much energy is stored in the material and
can implicate the time taken for the structure to relax after the application of
strain. The next subsection will address the results of rheology measurements
on the cubic phase.

6.7

Rheology Results

In order to examine the response of the cubic phase to the application of strain,
shear rheology was performed. Shear is a different deformation to stretching
or compression. Regardless, the cubic mesophase would still react in either a
viscous or elastic manner and any timescales measured could match up to the
time constants extracted in the previous section.
Three different samples of cubic phase were studied. Two in 0.2 M KCl that
were left to equilibrate for one month (one labelled 4 weeks for differentiation
between the two) and one in 0.02 M KCl that had been stored for one year.
The samples were large, 2 ml of phytantriol stored in excess KCl solution which
required longer equilibration than the smaller lipid droplet. The variation in
equilibration times for the rheology samples is broad to encompass any time
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Figure 6.18 After performing an amplitude sweep, shown
in the inset, 0.01% strain was applied to the cubic phase at
different frequencies, from high to low. This gave the storage
and loss modulus as a function of frequency for all 3 samples.

related effects of cubic phase formation.
The cubic phase is very viscous and was found to break at strains above 1%.
In fact, when loaded into the rheometer, it was a struggle to apply enough force
to squash it to 1 mm thick on the flat plate geometry. An amplitude sweep
showed that a strain around 0.01% should be applied to the sample to limit
cubic phase breakage (see inset in fig 6.18). A frequency sweep with an applied
strain of 0.01% was performed for each sample. It is important to note that a
1% strain is equivalent to 0.01 strain for the variable pore experiment presented
in this chapter. Therefore, when using screw turns of a quarter or above, it
is likely that the cubic phase would have broken. An eighth of a turn gave
around a 1% change in strain. This is in agreement with the discussion from
the previous section where response ((i) in figure 6.13) upon small changes in
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strain were attributed to fast relaxation of the cubic material. This must have
been due to the cubic phase maintaining its structure. Whereas responses that
exhibited longer relaxation, for bigger steps in strain, were due to the cubic
phase breaking down.
All frequency sweeps show similar behaviour. At high frequency the storage
modulus is around 0.4 MPa and the crossover point, where the loss modulus
becomes larger than the storage, is at 0.1 MPa. The cubic phase behaves
as a viscous fluid at low frequencies, as G” (loss) overtakes G’ (storage). At
higher frequencies the opposite occurs, G’ is larger as the material stores more
energy, behaving more elastically and solid-like [168, 169]. The cross-over point
is where the two meet and have the same value. This behaviour is typical of a
viscoelastic material and is similar to results from shear rheology of the cubic
phase of monoolein [44].
The cubic phase of phytantriol takes a lot longer to relax than monoolein,
shown by the cross-over point in figure 6.18 [44]. The cross-over point is
the longest relaxation time for the structure [44]. The three samples exhibit
varying cross-over points that range from 50-110 s. For monoolein, it was
around 17-20 s depending on the model used to fit. At low frequencies, the
material can flow easier. At high frequencies, the storage modulus is high and
the material acts more elastically and solid-like. From the results presented
in figure 6.18, the cross-over point shows if an oscillatory strain of 0.01% is
applied then it will take 50-100 seconds for the cubic phase to dissipate the
stress.
This relaxation time can be compared to the timescale from response (i),
where the current plateaus. It was introduced in section 6.6.1 that when
response (i) was measured for long tS and high strain, it took around 20-50
seconds for the current to plateau and the material to relax. Small tS and low
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strain experiments show cases where the current relaxed after 5-15 seconds.
This is shorter than or similar to the relaxation time measured by rheology.
This is quite a result considering that a strain amplitude was applied to the
pore that was beyond the limit for breaking the phase.
It has been shown, in the literature, that longest relaxation time is due to
the presence of water and the lipid-water interface, which is accentuated in
excess solution due to the presence of domains of water within the sample[44].
Mezzenga et al [44] showed that the relaxation time increased with increasing
water content from low hydration Q230 to high hydration Q224 . The Q224
phase is considered to have water domains, or water pockets within it. If
water pockets grew upon stretching, they would act to increase the relaxation
time. Therefore, the current measured would not reach equilibrium (plateau)
quickly.
The rheology and variable pore experiment give some similar results regardless of their differences in methodology. In rheology, a low frequency strain is
applied over a long period of time. A high frequency strain is applied quickly
and repetitively. There is no break from strain application like the experiment
presented in this chapter. Strain at the pore is quickly changed and then there
is a rest period where there is no change in strain. The screws to stretch and
release the pore were turned quickly (1 sec or less per turn), hence the steep
and well defined step in current for the clean pore and cubic phase. Therefore,
it is expected that the cubic phase material is within the elastic solid regime,
where energy is stored. Resting after each strain change allows the material
to release stored energy. However, high strains were used that break the cubic
phase material causing the relaxation time to be much longer than that found
by rheology. To improve the variable pore measurements of the relaxation
time, a lower step in strain should be used, to be below 1% strain.
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Discussion

In this discussion, the data previously described will be presented in a different
manner to highlight the piezoresistance. The effect of geometry will be subtracted from the current behaviour of the Q224 phase of phytantriol. It will be
shown that the cubic phase exhibits a change in resistivity for particular experimental conditions. Firstly, it will be described how to isolate the behaviour
of the lipid from that of the pore.
The difference between the clean pore data and the lipid deposit is due
to a change in resistivity. The parameters from the stretch and release fits
were used to simulate typical clean pore data. Subtracting the typical clean
pore data from the data reported in the previous section shows how much the
current changes due to the piezo-conductive effects of the cubic phase. Figure
6.19 shows the resulting subtraction. The graphs in (a) show the stretch and
release for long tS data and (b) and (c) show short tS data. The changes in
strain for (c) were very small whereas they were much larger for (a) and (b).
The graphs on the left are the stretching data and the right, the release.
The release data does not respond well to the subtraction analysis. This
is because it does not return to the same current at low strain. Each sweep
is shifted around the y axis. Therefore comparing the current increase from
∆( ∆I
) =0 is not meaningful. For low strain release data, the simulated stretI0
ching data was subtracted as it fit the stretching model. For high strain,
simulated release data was used for subtraction. For the rest of this discussion
focus will be on the stretching data only as it starts at zero each time and can
be compared to the clean pore reliably. This figure will now be discussed in
the order (a), (b) then (c).
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Figure 6.19 Graphs showing results from the lipid deposit
with the geometrical effects subtracted. High strain data with
large strain changes and long tS are shown in (a) and short tS in
(b). Small strain changes and short tS are shown in (c). Clean
pore behaviour has been subtracted from the lipid deposit data
to centre the data around zero. The stretch geometry was used
to re-distribute the stretch data and the release geometry for
the release data except for (c), where there was no hysteresis
and the stretch geometry was used for both. The error from
the spread of clean pore data is indicated by the shaded areas
around the lipid data.
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The strain was changed slowly by a large amount each time in (a). The
data in this graph shows behaviour linked to the changing geometry or negative
piezoresitance. The initial sweep gave a current that related purely to the
geometry. Cycling increased the amount of negative piezoresistance with it
appearing at lower strains each time. There is an occasion where the phase
relaxes into the clean pore regime, at high strains in stretch 2. Persisting
with the measurement could have shown that it reached an equilibrium value
expected by geometry alone. This can be compared to (b) where the strain
was changed faster but to less of an extent each time.
Small changes in strain exhibit the same increase in resistivity as large.
However, there are interesting details in the data shown. Initially, a scan with
a long tS was performed (blue). This exhibits positive piezoresistive behaviour
where the current does not increase at the expected rate, current steps exhibit
exponential response (iv). The next scan (black) shows a geometry based
current-strain relationship initially but then begins to exhibit response (v)
where the current decreases upon a stretch, opposing the increase in geometry.
Therefore, the cubic phase really is exhibiting positive piezoresistance at this
point.
Later sweeps show a more typical behaviour. The current increases into the
negative piezoresistive regime and remains stable and plateaus after stretching
at some strains unlike the previous example. The final sweep exhibits some
positive piezoresistive behaviour. It is important to note that these were the
only cases of positive piezoresistance measured for the cubic phase. A more
general negative piezoresistance was typical for each experiment.
The final part of the figure shows low strain and tS data in (c). The data
is stable with a large background noise, probably due to bubbles around wires
or a loose wire in the cell. The source of noise does not interfere with the
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measurement as the cubic phase response is clear behind it. It lies above the
approximate error highlighted by the shaded area centred around 0. As stated
previously in section 6.5, the error is from high strain data and the expected
error for low strain data is smaller. The data lies above the clean pore fit
and is therefore exhibiting negative piezoresistance, although it is of smaller
magnitude than the higher strain data.
Rheology showed that a strain larger than 1% would cause the cubic phase
to break. When the screws were turned a quarter or a half, the strain applied
with each turn was greater than 1%, causing the cubic phase to break and
deform causing an increase in the relaxation time. For the small tS low strain
experiment, the screws were turned an eighth, which is around 1% strain.
Therefore the response to stretching was closer to a purely geometry based
response. The low strain data exhibits some negative piezoresistance as 1%
strain is at the limit. The high-applied strain is the source of the piezoresistance.
The reason for the piezoresistance has been determined, heralding a range
of possible applications. Pressure sensors and other electromechanical devices
are the most typical application of a piezoresistive material. Combining this
with the biological compatibility of phytantriol could lead to pressure sensor
or other medical devices situated within the human body. In addition, as the
negative piezoresistance is caused by the breaking of the cubic phase structure,
chemicals or other phase forming materials could be used to the same effect.
Regardless of the potential applications, the new experimental scheme presented in this chapter could, with further development, lead to its application as
a rheological measurement device.
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Conclusion

In summary, this chapter describes and discusses an experiment performed to
investigate the effect of strain on the ion transport through the cubic phase of
phytantriol. The cubic phase was put inside a size-variable micropore and the
pore stretched or compressed as the current measured. The experiment showed
that the current increased greater in the cubic phase than could be explained
by geometry alone. Therefore, the phase exhibited electromechanical effects:
negative and on occasion, positive, piezoresistance. Positive piezoresistance
was attributed to a phase transition and negative piezoresistance, to the highapplied strain and possible water pocket formation. The extensional relaxation
time for the cubic phase was found to be similar to that measured by rheology.
The relaxation time was found to relate to the amount of strain applied with
each screw turn. Larger changes in strain caused the phase to break and the
relaxation time to increase. With further development, this technique could
be used to probe the rheological response of conducting materials.

Chapter 7
Conclusion
7.1

Objective Summary

The objective of this thesis was to investigate ion transport through phytantriol mesophases. This was done in three ways. Firstly (in chapter 4), a hydration boundary was used to measure the phase progression and gave relative
conductance’s between phases. Secondly (in chapter 5), due to the undefined
geometry and impurities present in chapter 4, a micropore was used to measure
the Q224 phase and the Q224 to HII transition. Additional high bias switching
effects were also explored. Both chapters indicated that stress and strain on a
mesophase also affected the ion transport and so this was investigated with a
size variable micropore which showed how the cubic phase responded to stress
(in chapter 6).
The main findings common to all three experimental chapters will now be
discussed with reference to literature. Ideas for future work will be described
alongside.
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Concluding Discussion and Future Work

When confined, stress and strain have an effect on the transport measurements
of mesophases. It was found in chapter 4, that when using a simple 1D diffusion
model, the Lα phase had greater water diffusion than the Q230 phase. (The
diffusion coefficients related to the movement of phase boundaries so they are
not indicative of ion transport through the phases.) The confinement of the
mesophases between glass slides, combined with the higher viscosity of the Q230
phase, caused the droplet to swell in opposite direction to the water diffusion.
This effect, combined with the high viscosity of the cubic phase, led to a lower
diffusion coefficient. In reality, this treatment shows how viscous the cubic
phase is.
Additionally, thermal cycling, to less viscous phases, produced the appearance of a monotropic hysteretic phase. It is likely caused by strain introduced at the mesophase boundaries from confinement and cooling from less viscous phases to more viscous phases. This hysteretic mesophase has not been
seen in phytantriol before, even in similar experiments using a droplet-water
boundary[12]. To show that it is an effect of confinement, it would be ideal
to measure the conductance of an isolated droplet of mesophase as in Seddon
et al [90]. Using ultrasound to levitate a droplet in a humid environment will
allow for droplet characterization using x-ray scattering without the need for
a capillary or substrate. A lack of the new hysteretic phase with temperature
cycling will prove that its formation is due to the glass slide configuration.
Another interesting effect to note is the high conductance of the inverse
micellar, L2 , phase and its mixed counterparts due to micelle percolation in
chapter 4. The mixed HII and L2 phase had a conductance only half that of the
cubic phase it transitioned from. In contrast, the conductance (or resistance
in this case) from the cubic to pure hexagonal phase in chapter 5 fell by a
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factor of 30-40 which is in agreement with the literature[4, 20–22, 26–29, 75,
92, 147]. This shows that transport in the Q230 to L2 +HII phase transition
is significantly less reduced than the transition from Q224 to HII . As there
is not a great difference in the connectivity and dimensionality, and therefore
transport properties, of the Q224 and Q230 phases, this is quite a result. Micelle
percolation could dominate in the mixed phases as well as the pure L2 . The
high conductance of the mixed phase also implies that domains of L2 raise the
conductivity of the HII phase. The second experiment at high water content
revealed that the conductance reduced by a factor of 4 from a cubic phase to
pure HII , however the cubic phase could be mixed Q230 +Q224 or just Q224 or
Q230 . Future investigations should attempt to measure this transition to gain
a greater understanding of the effect of L2 domains.
Domain or grain boundaries in pure phases lead to a reduction in the
conductivity compared to aligned phases[110]. The effect of grain boundaries
on conductivity is less pronounced in well-connected mesophases such as the
cubic phase, compared to the Lα phase and HII . Domains in the hexagonal
phase will significantly reduce transport, even more so than Lα , as it is less
likely that there is good connectivity between grains due to the 1D structure.
[110, 175].
It was observed in chapter 4 and 5 that the conductance through the
Q224 →HII transition stops increasing to plateau and slow mid-transition. During the transition, domains of HII phase grow. Structural rearrangement to a
1D cylindrical system pinches off the connections between domains and lower
the conductivity. Competing Arrhenius transport due to the rise in temperature causes the conductance to plateau until the transition is complete. The
transition between Q224 and HII is therefore broad with many intermediate
stages, also indicated by the DSC and resistance measurements in chapter 5
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[7].
Other thermotropic transitions such as the Lα →L2 or Q230 →HII +L2 in
chapter 4 do not plateau before the phase change. These transitions also have
competition between domains boundaries and Arrhenius transport. Notably,
these transitions involve the L2 phase which could be a significant contributing
factor to the conductance due to percolation. Alternatively, transitions involving cubic and hexagonal phases could involve more intermediate stages and
coexistence than the other transitions. These insights into structural disorder
are facilitated by the dynamic conductance measurements performed in this
thesis. Majewski et al, when measuring the effect of domain boundaries on
the conductivity of mesophase materials, stated that transport measurements
can serve as a more sensitive, if indirect, probe of structural disorder in some
systems than SAXS [110].
It is highly possible that the negative piezoresistance measured when stretching the cubic phase in chapter 6 is linked to domain boundaries. If the
domain boundaries contribute a great deal to the conductance measured in
the cubic phase, then they could be the dominant factor to consider upon
stretching. An increase in pore geometry could lead to separation between
Q224 domains and the formation of water pockets that close after some time.
Ohta et al[176] suggest that defect motion is very slow in these highly viscous
systems, hence the long relaxation times implied by the high strain measurements. In addition, rheological simulations of a cubic phase under shear have
shown that at low strain rates, defects (such as domain boundaries) in the cubic
phase are associated with the greatest change in stress response [162]. Hence,
defects, or domain boundaries, are likely the cause of the piezoresistance.
The most widely studied transition in phytantriol is the Q224 →HII transition. This transition is broad in bulk, as found in chapter 4 and 5 due to
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domains and defects. This implies that any study of the transport through
the bulk material will not translate to cubosomes and hexasomes as they are
composed of a single domain [177]. Hence, the diffusion of drugs and other compounds may be much less restricted in cubosomes, if the compounds are small
and transport through the aqueous channels. If the compound is large and can
only diffuse in the domain boundaries[72, 88], then the presence of domains
would greatly increase the transport. The transport properties of molecules
in an aligned phase should be measured for better comparison to cubosomes.
It has been found that cubic mesophase can align under shear[164]. Aligned
phases do not have defects and domain boundaries so the transport properties
will be similar to those of single domain nanoparticles. The variable pore could
be used, in theory, to apply shear to the cubic phase and cause alignment for
such transport measurements.
Finally, having access to many phases at an electrode surface, as in chapter
4, has implications for the development of nanostructured materials. Akbar
at al[10] produced diamond structured platinum from phytantriol. Therefore
being able to change and vary the nanostructure at the electrode surface could
allow for the production of hexagonal, lamellar, and even new heterostructure
materials. Applying shear to the mesophases by moving the glass slides will
also allow for phase alignment and the production of highly ordered materials.
With further development, all of the techniques presented in this thesis
can be applied to other general mesophase systems. In addition, they are not
limited to aqueous materials. The only requirement is that a material conducts
and will not dissolve the membrane, or interact with a metallic electrode.
Therefore, many different kinds of materials with various electrolytes can be
employed for study.
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Final Remarks

This thesis has demonstrated three different techniques to measure the transport properties of the mesophases of phytantriol. They can all be applied to
many other mesophase or ion conducting materials in a variety of electrolytes.
It is expected that with further development glass slide confinement, birefringence, and conductance can be used to determine the phase and transport behaviour of mesophase materials. All experiments can measure the conductive
properties of many different materials whist varying parameters such as strain,
electric field strength, and temperature. Additional parameters could be investigated if required. Transport measurements have revealed information about
the internal structure of the phase. In summary: percolation increases the
conductivity of the L2 phase, the Q224 →HII transition is broad due to the effects of defects, intermediates and co-existance, and strain appears to induce
positive piezoresistance likely due to domain boundaries and phase breakage.

Appendix A
Appendix
A.1
A.1.1

Glass Slide Micrographs; Chapter 4
Micrographs Throughout Experiment

Figure A.1 shows micrographs and the time they were taken. It shows the
progression through the entire experiment which can be matched up to figure
4.5 and figure A.2. At room temperature the Lα phase can be seen moving
from left to right across the electrode surface on the left column. The HII phase
moves in a similar manner at 50◦ C in the center column. Missing images are
due to issues with the camera.

A.1 Glass Slide Micrographs; Chapter 4

Figure A.1 A selection of micrographs show the phase progression over the electrode before, during and after temperature
sweeps, throughout the entire experiment. Room temperature
phases can be seen before a temperature sweep in the left column, and after, in the right. The center column shows high
temperature phase progression with the mid points to either
side.
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A.1 Glass Slide Micrographs; Chapter 4
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Figure A.2 The entire experiment. Mesophases have been
labeled on the figure to indicate where they form and which
transition the temperature sweep corresponds to. The boxes
indicate the transitions that are shown in more detail in figures
A.3 and A.4.

More detailed hydration and temperature micrographs are presented in A.3
and A.4 respectively. Each conductance and temperature plot is highlighted
in figure A.2 which shows the conductance measured throughout the complete
experiment. Pink squares show lyotropic hydration related transitions and
purple, thermotropic. From the figures it can be seen that each micrograph
relates to an area of mesophase change over the electrode gap. This is especially
evident in figure A.3. Additionally, figure A.4 shows that the sharp changes
in conductance are due to phase transitions as the (c) is confined to the Q230
phase and only exhibits linear Arrhenius transport.

A.1 Glass Slide Micrographs; Chapter 4

Figure A.3 More detailed micrographs showing that each
conductance feature relates to a section of mesophase crossing
the gap. The L2 to Lα transition is shown in (1) and the Lα
to Q230 , in (2). Each number indicates the time that the corresponding micrograph image was taken.
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A.1 Glass Slide Micrographs; Chapter 4

Figure A.4 Again, more detailed micrographs showing the
temperature transitions Lα to L2 in (a), Q230 to L2 in (b) and
Q230 to HII +L2 in (d). Sweeps shown in (c) were confined to the
Q230 phase and so there was no sharp decrease in conductance.
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A.2 Pore Experiment Conductivities; Chapter 5

A.2
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Pore Experiment Conductivities; Chapter 5

This appendix shows a plot of how the conductivity of the cubic phase varies
with KCl concentration in figure A.5. Fitting a line to the data allows for
an estimation of the conductivity of the cubic phase in 10 mM KCl used to
estimate the field strength within the pore at -4 V. The estimate was taken as
3.5×10−3 Ωm−1 .

Figure A.5 Plot of the conductivities of the cubic phase in
different concentrations of KCl solution. A linear fit allows for
an estimation of the conductivity of a 10mM KCl solution.

A.3

All Strain-Current Data; Chapter 6

All the data collected for chapter 6 is presented in this section of the appendix.
The time axes from the raw data have been changed to strain and they have
been normalized. The polynomial fits for stretching and release have been
overlaid on each graph.
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Figure A.6 The graphs in (a) were shown previously in chapter 6, however (b) was not. They both exhibit similar current
behavior with strain increase. There is an additional stepwise
current behavior, the first scan shows a exponential increase
in current after a stretching and release event: this was not
discussed in the chapter as it was only observed once.

The results from long tS stretching on a symmetrical deposit and an asymmetrical deposit are shown in figures A.6 and A.7 respectively. Some of the
data has already been shown in the chapter however, the exponential current
step response in figure A.6 in the first stretch and release, was not discussed in
the chapter. It was only observed once and the large amount of spikes in the
data compared to the other sweeps implies that bubbles and other effects could
have interfered with the measurement, although it follows the geometrical fit
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Figure A.7 The graphs in (b) were shown previously in chapter 6, however (b) was not. As with the previous graph, they
both exhibit similar current behavior with strain increase.

from the clean pore.
All the low strain and short tS data is shown in figure A.8. The data in (a)
and (b) are essentially the same experiment, the same amount of strain was
changed each time with the same tS in between each strain change. They are
in agreement except (b) does not show the piezoresistive current step effect.
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Figure A.8 Low strain and short tS data. (a) has been shown in previously in
the experimental chapter. (b) had the same parameters as (a) and exhibits a similar
deviation from the clean pore fit. (c) the very low strain is discussed in the chapter.
Only the 1-3 stretching axis was used in (d) so the data can not be compared to the
rest. However it still exhibits piezoconductance.
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[123] Ö. Masalci, M. Okcan, and N. Kazanci, “Refracting and electrical properties and the phase equilibria of the TTAB+water binary system,” J.
Mol. Struct., vol. 843, no. 1-3, pp. 32–37, 2007.
[124] R. Rand and V. Parsegian, “Hydration forces between phospholipid bilayers,” BBA-Biomembranes, vol. 988, pp. 364–365, dec 1989.
[125] D. Marsh, “Water adsorption isotherms of lipids.,” Bio. Phys. J.,
vol. 101, pp. 2704–12, dec 2011.
[126] C. Vallieres, D. Winkelmann, D. Roizard, E. Favre, P. Scharfer, and
M. Kind, “On Schroeder’s paradox,” J. Membrane Sci., vol. 278, no. 1,
pp. 357–364, 2006.
[127] C. Fong, D. Wells, I. Krodkiewska, J. Booth, and P. G. Hartley, “Synthesis and mesophases of glycerate surfactants,” J. Phys. Chem. B., vol. 111,
no. 6, pp. 1384–1392, 2007.
[128] J. Crank, “The Diffusion Equations: 2.2,” in The mathematics of diffusion, pp. 14–16, Clarendon Press, 1975.
[129] L. Mukhopadhyay, P. K. Bhattacharya, and S. P. Moulik, “Additive effects on the percolation of water/AOT/decane microemulsion with reference to the mechanism of conduction,” Colloids Surface, vol. 50, no. C,
pp. 295–308, 1990.
[130] I. Chakraborty and S. P. Moulik, “Physicochemical studies on microemulsions: 9. Conductance percolation of AOT-derived W/O microemulsion with aliphatic and aromatic hydrocarbon oils,” J. Colloid Interf.
Sci., vol. 289, no. 2, pp. 530–541, 2005.
[131] S. Ray, S. R. Bisal, and S. P. Moulik, “Structure and dynamics of microemulsions. Part 1.Effect of additives on percolation of conductance and
energetics of clustering in water-AOT-heptane microemulsions,” Journal
of the Chemical Society, Faraday Transactions, vol. 89, no. 17, pp. 3277–
3282, 1993.
[132] R. Mirkin and J. Sneddon, The phase behaviour of polyoxyethylene surfactants, phospholipids, and their mixtures. PhD thesis, University of
Southampton. Ch 6.

BIBLIOGRAPHY

194

[133] J. L. Serrano, Metallomesogens : synthesis, properties, and applications.
VCH, 1996.
[134] C. Rodriguez-Abreu, M. Garcia-Roman, and H. Kunieda, “Rheology and
Dynamics of Micellar Cubic Phases and Related Emulsions,” Langmuir,
vol. 20, no. 13, pp. 5235–5240, 2004.
[135] R. Brown, E. Madrid, R. Castaing, J. M. Stone, A. M. Squires, K. J.
Edler, K. Takashina, and F. Marken, “Free-Standing Phytantriol Q224
Cubic-Phase Films: Resistivity Monitoring and Switching,” ChemElectroChem, vol. 4, no. 5, pp. 1172–1180, 2017.
[136] M. C. Osborne, Y. Shao, C. M. Pereira, and H. H. Girault, “Micro-hole
interface for the amperometric determination of ionic species in aqueous
solutions,” J. Electroanal. Chem., vol. 364, no. 1-2, pp. 155–161, 1994.
[137] A. J. Olaya, M. A. Mendez, F. Cortes-Salazar, and H. H. Girault,
“Voltammetric determination of extreme standard Gibbs ion transfer
energy,” J. E. Chem., vol. 644, no. 1, pp. 60–66, 2010.
[138] J. S. Rossier, R. Ferrigno, and H. H. Girault, “Electrophoresis with electrochemical detection in a polymer microdevice,” J. Electroanal. Chem.,
vol. 492, no. 1, pp. 15–22, 2000.
[139] E. Madrid, Y. Rong, M. Carta, N. B. McKeown, R. Malpass-Evans, G. A.
Attard, T. J. Clarke, S. H. Taylor, Y. T. Long, and F. Marken, “Metastable ionic diodes derived from an amine-based polymer of intrinsic
microporosity,” Angew. Chem. Int. Edit., vol. 53, no. 40, pp. 10751–
10754, 2014.
[140] Y. Marcus, “Ionic Radii,” in Ion properties, pp. 43–63, Marcel Dekker,
1997.
[141] J. E. Hall, “Access resistance of a small circular pore.,” J. Gen. Physiol.,
vol. 66, no. 4, pp. 531–532, 1975.
[142] A. Trojnek, V. Mareek, and Z. Samec, “Some aspects of impedance measurements at the interface between two immiscible electrolyte solutions
in the four-electrode cell,” Electrochim. Acta., vol. 179, pp. 3–8, 2015.
[143] A. Angelova, M. Ollivon, A. Campitelli, and C. Bourgaux, “Lipid cubic
phases as stable nanochannel network structures for protein biochip development: X-ray diffraction study,” Langmuir, vol. 19, no. 17, pp. 6928–
6935, 2003.

BIBLIOGRAPHY

195

[144] C. W. Reese, Z. I. Strango, Z. R. Dell, S. Tristram-Nagle, and P. E.
Harper, “Structural insights into the cubic-hexagonal phase transition
kinetics of monoolein modulated by sucrose solutions.,” Phys. Chem.
Chem. Phys., vol. 17, no. 14, pp. 9194–204, 2015.
[145] J. M. Santiago, D. J. Keffer, and R. M. Counce, “Surfactant and Electric Field Strength Effects on Surface Tension at Liquid/Liquid/Solid
Interfaces,” Langmuir, vol. 22, no. 12, p. 5358, 2006.
[146] A. W. Neumann, R. David, and Y. Zuo, “ASDA for Electric Fields
(ADSA-EF),” in Applied surface thermodynamics., p. 233, Taylor &
Francis, 2011.
[147] A. Zabara and R. Mezzenga, “Plenty of room to crystallize: swollen
lipidic mesophases for improved and controlled in-meso protein crystallization,” Soft Matter, vol. 8, no. 24, p. 6535, 2012.
[148] D. D. L. Chung, “Electrical Conduction Behavior,” in Functional Materials, p. 70, World Scientific, 2 ed., 2010.
[149] A. A. Barlian, W.-T. Park, J. R. Mallon, A. J. Rastegar, B. L. Pruitt,
and B. L. Pruitt, “Review: Semiconductor Piezoresistance for Microsystems.,” P. IEEE., vol. 97, no. 3, pp. 513–552, 2009.
[150] C. S. Smith, “Piezoresistance effect in germanium and silicon,” Phys.
Rev., vol. 94, no. 1, pp. 42–49, 1954.
[151] R. Strumpler and J. Glatz-Reichenbach, “Conducting Polymer Composites,” J. Electroceram., vol. 3, no. 4, pp. 329–346, 1999.
[152] S. Gong and Z. H. Zhu, “On the mechanism of piezoresistivity of carbon
nanotube polymer composites,” Polymer, vol. 55, no. 16, pp. 4136–4149,
2014.
[153] A. S. Chauhan, I. Taylor-Harrod, S. D. Littlejohn, and A. Nogaret,
“Ultrafast pressure sensing with transient tunnelling currents,” Nanoscale, vol. 9, no. 13, pp. 4544–4549, 2017.
[154] Y. Zang, F. Zhang, C.-a. Di, and D. Zhu, “Advances of flexible pressure sensors toward artificial intelligence and health care applications,”
Mater. Horiz., vol. 2, no. 2, pp. 140–156, 2015.
[155] C.-L. Choong, M.-B. Shim, B.-S. Lee, S. Jeon, D.-S. Ko, T.-H. Kang,
J. Bae, S. H. Lee, K.-E. Byun, J. Im, Y. J. Jeong, C. E. Park, J.-J. Park,
and U.-I. Chung, “Highly Stretchable Resistive Pressure Sensors Using

BIBLIOGRAPHY

196

a Conductive Elastomeric Composite on a Micropyramid Array,” Adv.
Mat., vol. 26, pp. 3451–3458, jun 2014.
[156] S. Manzeli, A. Allain, A. Ghadimi, and A. Kis, “Piezoresistivity and
Strain-induced Band Gap Tuning in Atomically Thin MoS$ 2$,” Nano
Letters, vol. 15, pp. 5330–5335, aug 2015.
[157] M. Chambers, B. Zalar, M. Remškar, H. Finkelmann, and S. Žumer,
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