Development of a Mechanism-Based
Correlation Model to Predict the Effects of
Freezing and Thawing on the Stability of

Vesicular Dispersions

Sharanda Francis
Department of Chemistry

Imperial College London

A Thesis Submitted for the Degree of Doctor of Philosophy

October 2018



This thesis and the work within was written and carried out by Sharanda Francis

The copyright of this thesis rests with the author and is made
available under a Creative Commons Attribution Non-Commercial No
Derivatives licence. Researchers are free to copy, distribute or
transmit the thesis on the condition that they attribute it, that they do
not use it for commercial purposes and that they do not alter,
transform or build upon it. For any reuse or redistribution,
researchers must make clear to others the licence terms of this

work.



Abstract

The phase behaviour of aqueous dioctadecyl dimethylammonium chloride (DODAC)
solutions were studied to model the stability of liquid fabric enhancers, when exposed to
the environmental stresses of cooler climate regions during transportation or storage.
These effects were studied using; SAXS and WAXS, "H NMR, DOSY and polarised light

microscopy, before and after freeze-thawing (FT) of the DODAC bilayers.

The effects upon FT resulted in a FT induced swelling, where the magnitude of this
swelling decreased with the addition of CaCl, to the aqueous DODAC solution.
Additionally, in the absence of CaCl,, the cooling properties of the bilayers resulted in a
temperature shift of the Lq—> Lg transition from ~31 to ~35 °C after FT, instead of the two
transitions given at ~31 and ~35 °C in the presence of CaCl; after FT. This suggests that

CaCl, decreases the changes to the DODAC bilayers and properties, upon FT.

The DODAC aqueous solution is studied for the addition of glycerol and an ethoxylated
alcohol surfactant. Glycerol caused swelling of the DODAC bilayers and the ethoxylated
alcohol surfactant caused a lateral phase separation of a spherical>planar bilayers
transition. These alterations to the DODAC bilayers, minimised the differences between
the bilayers before and after FT. Also, it was shown that small unilamellar vesicles
promoted the L.> Lg transition temperature shift from ~31 to ~35 °C and a

spherical->planar bilayers transition, after FT.

The freezing behaviour of the DODAC bilayers were observed as a cooling induced

dehydration which took place after the Lo>Lg phase transition instead of ice formation
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in the bulk water phase, at high pressure and low temperature. This resulted in a
metastable freezing state with tilted bilayers, at ~ -2.0 °C which did not lead to a transition
into the L; phase until incubation at -18 °C. The effects upon thawing showed a lack of
osmotic responsiveness between -5.0 and 15 °C, and an influx of water at 20 °C resulted

in greater swelling of the DODAC bilayers than before FT.
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1. Introduction

1.1. Surfactants

The word ‘surfactant’ means surface active agent. The definition comes from the ability
of a surfactant to reduce the surface tension between two immiscible phases’. This is
done by adsorption onto the interface between the two phases?. Surfactants are used
widely in industry for a range of products®#, such as; lubrication oils, where surfactant
additives increase the lubrication effectiveness of the oil by surfactant adsorption onto a
frictional surface®, food, where surfactants are used as emulsifiers®, cleaning agents in
the form of microemulsions of oil and water separated by surfactants and used to remove
oil from cotton’, drug carriers, where surfactants stabilise proteins that are loaded into
lipid based drug-delivery systems®, biotechnology for the use of surfactants as
antimicrobials (microorganism Killers) because of the ability of surfactants to dissolve into
and alter a cell membrane®, and microelectronics, where surfactants are used to optimise
mixing between carbon nanotubes and a polymer matrix to increase the conductivity and

stability of the nanocomposites™®.

Surfactants are molecules with both hydrophobic and hydrophilic parts, their molecular
structure comprising a polar ‘head’ group and a hydrocarbon chain ‘tail’ group (figure
1.1). The polar ‘head’ group can be neutral, cationic or anionic. In the presence of a
charged ‘head’ group, there will be a counterion present to balance the charge. A
surfactant “head” group can also be zwitterionic which is when the single molecule

contains both charges''(figure 1.1c). The hydrophobic ‘tail’ can have various chain
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lengths, and can be branched, saturated or unsaturated, where it can exhibit either ‘cis’
or ‘trans’ conformations (figure 1.1 a & b). The molecular structure of the surfactant has
high importance because it controls how the surfactant behaves in solution. This chapter
will discuss the behaviour of the surfactant molecules as monomer units in solution, for
the various conformations of the monomers and the shape of their aggregates, based on
the factors that govern the size and shape of the surfactant aggregates in solution

including the importance of the surfactant type.
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Figure 1.1. Shows a schematic of the different variations for a surfactant molecule, where (a) and
(b) are the different types of surfactant “tail” groups which can also have variations in the chain
length and (c) are the different types of “head” groups, where the black circles represent non-ionic
“head” groups and the cations and anions will have a counterion present. The dashed line

represents the air-water boundary, where the blue rectangle is the water phase.

1.2. Surfactants in Aqueous Solution
As mentioned, the surfactants spontaneously aggregate in solution to form various
packing structures, where the structures are governed by various factors of the
surfactant-solution mixtures, but before these factors can be explained first the process

that drives the surfactant aggregation in solution is discussed. The aggregation of the
11



surfactants is predominantly driven by the ‘hydrophobic effect’ which is driven by entropy.
The formation of aggregates increases disorder of both the water molecules in the
aqueous phase and the hydrophobic “tails” in the oil phase. Also, the organised structure
of the aggregates reduces the surface tension and promotes more thermodynamically
stable interactions of Van der Waals’ forces between the surfactant molecules'. This
thermodynamic contribution leads to the most efficient packing for a single layer of
atoms, ie close-packed hexagonal array, where the packing arrangement consist of an
atom surrounded by six other atoms (figure 1.2). In this example, the atoms are

surfactants.
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Figure 1.2. Represents the hexagonal packing for a surfactant layer (a), where (b) is the top view
of the surfactant layer shown by the arrow in (a). The circles represent the surfactant “head”
groups and the lines in (a) represent the hydrophobic “tails”. The close-packed hexagonal array

(b), is shown by a central black circle surrounded by six light grey circles.

Various factors can change the packing order of the surfactant monomers, such as;
branching in the alkyl chains® or “cis” unsaturation' which increases disorder in
surfactant packing, where these variations can change the shape of the surfactant

monomer and can create positive or negative curvature in the resultant structure (see
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section 1.3.1), ionic effects can impact the repulsive forces between surfactant
monomers'®, which are effected by the type or size of the counterions (see section 1.7.2)
or the salt concentration of the aqueous solution (see section 5.3.2). The packing order
can also be controlled by external factors, such as temperature or pressure, or the
preparation method of the surfactant solution'®, where the structure of the aggregate can
vary by the degree of mixing'’. This chapter will discuss these factors, in detail for the

effects they have on the structure that surfactants adopt in solution.

1.3. Surfactant Aggregates
Surfactant solutions contain surfactant aggregates that adopt various structures driven
by enthalpy. As surfactants are added to an air-water interface, the surfactant monomers
will form a binary mixture of (1) surfactants dissolved into the aqueous phase as free
amphiphiles and (2) surfactants layered at the boundary with their polar head groups
interacting with the aqueous phase'® (figure 1.3a). This follows a pre-micellar solution of
grouped amphiphiles as the surfactant concentration increases'®. The critical micellar
concentration (CMC) is the surfactant concentration which micelles begin to form in the
pre-micellar solution (figure 1.3 b). Therefore, micelles are formed at low surfactant

levels.

Micellar formation can be measured by its dependency on temperature, where the
minimum temperature that micelles are formed is known as the Kraft point?°. So, a
micellar solution exists above the CMC and Kraft point. These parameters measure the
effectiveness of the surfactant molecules to form aggregates in solution, and is
determined through changes in the solution properties, such as; a sudden decrease in

the surface tension?' or increase in electrical conductivity??, of the solution.
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Micelles are globular structures of surfactant monomers in solution, with the polar “head”
groups on the outside surface and the hydrophobic “tail” groups within the globular
structure (figure 1.3c). Micellar structures can also have the polar “head” groups within
the globular structure and the non-polar “tails” on the outside surface which is driven by
the addition of surfactants to a non-polar solvent, where the micelles are considered as
inverted. The micellar structure can extend into elongated tubular structures with
increasing surfactant chain length and aggregation number (figure 1.3d), where the
globular micellar structure is no longer thermodynamically stable when the micelle radius
is greater than the length of the surfactant “tail” group. These elongated tubular

structures can then organise into various liquid crystalline structures?2,
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Figure 1.3. Shows a schematic of single tail surfactants in aqueous solution as a binary mixture
of dissolved free amphiphiles and a monolayer of amphiphiles that interact at the air-water

boundary (a). The dissolved surfactants start to group and form micelles (b). The micellar solution
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(c) extends into tubular structures (d), where the micellar structures are represented as a cross-

section of their globular structures.

1.3.1. Curvature

The shape of the surfactant structure can be used to determine the most
thermodynamically stable curvature that the aggregates will adopt, based on the

surfactant volume which is given by the volume of a cone.

v=mnr?h/3 [1.1]

Where the expression mir? is equal to the interfacial area of the surfactant “head” group,

a, and h is equal to the length of the surfactant, I.

The surfactant volume is dominated by the hydrocarbon chain(s) volume, vo, because v,
increases with increasing temperature for a constant hydrocarbon “tail” length, I, due to
increasing alkyl chain disorder in the “tail” group(s)®>. Therefore, v = v, and the
approximate length, |, is equal to lc. So, we can rewrite equation 1.1, in terms of v, Ic and

a.

v,=al./3 [1.2]

The packing parameter, P, is defined by v,, Ic and a, for a spherical aggregate as;

P=v,/al., [1.3]

Therefore, the combination of equations 1.2 and 1.3 gives P = 1/3 for a spherical
aggregate with a single “tail” group (v, is double the size for two “tail” groups, so P =

2/3)%. This packing parameter resembles a spherical aggregate with positive curvature

(figure 1.4b), with a radius equal to 1%
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Figure 1.4. Shows the different types of surfactant geometry and the curvature they adopt, where

(a) is negative curvature, (b) is positive curvature and (c) no curvature.

The packing parameter defines the shape of the aggregates from spherical to “rod-like”
micelles as 1/3 < P £ 1/2 and “rod-like” micelles to planar bilayers as 1/2 < P < 1, for
single tail amphiphiles. Therefore, positive curvature exists when, P < 1 and no curvature
exists when, P =1 (figure 1.4c). Since positive curvature is given by P < 1, the inverse is
true for negative curvature, ie P > 1?7 (figure 1.4a). Therefore, P = 3 (or 3/2 for double
“tail” amphiphiles) for an inverse spherical aggregate. The geometry of a surfactant
molecule a good approximation for predicting the shape of the surfactant aggregates,

but the aggregation shape is predominantly driven by thermodynamics.

1.4. Phase

The phase of matter is governed by structure on an atomic or molecular scale and is
uniform throughout that structure. Phase can be used to describe the physical state that

can be viewed macroscopically or microscopically. Examples of macroscopic phase are
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the three states in which matter exists; gas, liquid and solid. In this sense, phase is

defined by the amount of space between particles within an atomic system.

For surfactants in solution the macroscopic phase exists in a fluid, gel or crystalline
state?®. These phases are defined by the mobility of the alkyl “tail” groups of the surfactant
molecules within a microscopic phase. When the surfactant systems are crystalline, the
movement of the alkyl chains is restricted, where the structure of the aggregates are rigid
and frozen in a specific conformation. The gel phase has limited movement in the alkyl
chains and can exist in multiple conformations, giving different gel phases. The types of
gel phases will be discussed later in this chapter. Finally, the fluid phase which has the
highest degree of freedom in the alkyl chains. These macroscopic phases are used to
describe the state of a microscopic phase, where the structure which surfactants adopt
in solution governs its microscopic phase which can be micellar (as described above) or

liquid crystalline.

1.4.1. Liquid Crystalline Phases
In solution, surfactants arrange into various structures. As mentioned previously, these
structures are formed by increased polar-polar interactions and the simplest structure is
micellar which can grow into tubular structures with various arrangements and greater
order. The structures with greater order are known as liquid crystalline states. Surfactant
monomers can form multiple bilayer stacks in solution separating into polar and non-
polar layers. This is known as a lamellar phase (figure 1.5a). These extended bilayers
can join end-on-end to form spherical structures, known as vesicles (figure 1.5b), where
the transition between these lamellar structures are common?®2°. The spherical bilayer
can be uni- or multi-lamellar which is to have a single or multiple bilayer(s), respectively,
and their size (x) can be defined as giant (x = 1 ym), large (1> x = 0.1 ym) or small (x <

0.1 “m)30,31,32.
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Figure 1.5. Shows an example of the different types of liquid crystalline phases, where
(a) is lamellar bilayers, (b) is lamellar vesicles, (c) is hexagonal phase and (d) is an

example of a primitive surface type cubic phase.

Liquid crystalline phases can increase in complexity to form hexagonal (figure 1.5¢) and
cubic (figure 1.5d) structures. Hexagonal phases are extended micellar structures of
spherical rods arranged in a hexagonal array separated by a polar solvent or non-polar
solvent for an inverted hexagonal phase®34%. Cubic phases are the most complex of
the liquid crystalline phases, with long range order across three-dimensions forming
nanochannels throughout the cubic structure, where the main types of cubic phase
surfaces are; gyroid (la3d), diamond (Pn3m) and Primitive (Im3m) (figure 1.5d) 36:37:38.39,
However, these studies will focus on lamellar liquid crystalline phases of a vesicular

nature and the types of gel phases in which they exist.
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1.4.2. Lamellar Phase

The lamellar phase can exist in three different states which were explained above as
macroscopic phases, where the lamellar phase can be fluid (L4), gel (Lg) or crystalline
(Lc). The microscopic structure of these phases where described as a continuous array
of bilayers generally separated by a polar solvent (ie water), where the bilayer thickness
is generally the length of two surfactant molecules which depends on the alkyl chain
length of the “tail” group*® and the degree of disorder in the alkyl chain, where the bilayer
thickness of the Lo < Lg < Lc*'. However, this general trend can depend on the
concentration of non-polar solvents or solutes, where some solutes can promote

interdigitation in the gel phase making the bilayer thickness of the Lg< Ly *2.

The distance between the bilayers can vary with the interactions between polar “head”
groups, and through the concentration of salt and polar solvents**#. The effects of
concentration on the bilayer thickness and the distances between them, is dominated by
the amount of solvent between the bilayers and ionic interactions*>4647 External factors,
such as temperature and pressure can alter the concentration effects causing variations
in the bilayer thickness and the distances between them?*4%%, These factors result in
structural changes that causes phase transitions on a macroscopic scale (see section

1.5.3).

1.4.3. Gel Phases
As mentioned, the lamellar gel phase can exist in different conformations depending on
the various factors, such as repulsive effects from solvents or solutes that govern the
structure of the surfactant aggregates in solution. Thus, a lamellar gel phase can have
multiple variations in the structure. Generally, a lamellar gel phase (Lg) (figure 1.6d), is a
bilayer with limited movement between the surfactant molecules and its alkyl chains from

increased Van der Waals’ interactions between the alkyl chains compared to that of an
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L« phase. Though, there are other well-established gel phases known in literature, such
as tilted (Lg), rippled (Pg) and interdigitation (Lgl) gel phases (figure 1.6). These gel
phases are similar with small structural variations that causes transitions between the

different gel conformations, thus the metastability of the “gel” phase.
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Figure 1.6. Shows a diagram representing the different types of gel phases; (a) ripple (Pg), (b)
tilted (Lg’), (c) interdigitated (Lgl) and (d) normal gel phase (Lg). The ripple wavelength (Ar), tilt

angle (Y') and bilayer thickness (d) is defined for the Pg phase.

The main characteristic of a Lgl phase is the reduced bilayer thickness to an almost
monolayer state (figure 1.6c). This effect causes increased interactions between the
polar “head” groups and the terminal methyl groups on the hydrophobic “tail”, with
increasing interdigitation. The Lgl phase has been reported extensively for lipids with
large zwitterionic phosphatidylcholine (PC) head groups®!, where they can be stabilised
by addition of alcohols to aqueous lipid mixtures®?°® or fluorination of the hydrophobic
tail group®. The alcohols stabilise the Lgl phase by insertion into the bilayer to interact
with both the polar and nonpolar groups to decrease polar-nonpolar interaction. Similarly,

the increased polarity from fluorination balances the nonpolar-polar interactions. The Lgl
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phase is reported by Furuike et. al. as an increase in repulsion between the PC groups,

without the use of alcohols or fluorination of lipid “tail” groups®®.

The Lpg and Pp phases both experience tilting of the amphiphiles and can be
characterised by the degree of tilting from a point perpendicular to the bilayers plane.
The repeat unit of the lamellar gel phases are defined by the repeat bilayer spacing (d)
(see section 2.5.5), though the Pg repeat unit is also defined by its periodicity, ie the
ripple wavelength (A;) and the ripple angle which equates to 90° minus the tilt angle (Y’)
(figure 1.6a) 6. Due to the similarities in the Lg and Pg phases, transitions between Lg
— Pp phases are can take place and are observed as pre-transitional forms of one

another through temperature cycles®"%,

The general observations are Lg 2> Pp transitions upon heating and Pg > Lg transitions
upon cooling within a “gel” state, where the transition from Lo—> Pg phase was suggested
by Heimburg et. al. to be a result of one-dimensional defects of a monolayer in the Lq
phase when the bilayers change their thickness upon cooling which leads to localised
bending forming the Pz phase®. Therefore, further cooling will result in a bilayer with a
constant thickness and the Pg:=> Lg phase transition. This behaviour of the bilayers, to
form Lg and Pg phases, are mostly reported for PC lipids®. The differences between Lg:

and Pg phases are discussed further in sections 2.5.5 and 4.3.1.

1.5. Phase Changes (Fluid — Gel — Crystalline)
The transitions between macroscopic phases are driven by certain factors, such as
temperature, concentration and pressure, where these factors govern the phase
behaviour of a surfactant in solution which defines the properties of the surfactant

system. This section will discuss the various factors that govern the phase of a surfactant
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solution and the impact those factors have on a lamellar phase. The phase behaviour of
a surfactant solution is given by the most thermodynamically stable state of the surfactant
aggregates at a given temperature, pressure or concentration. Though, there are specific
points where more than one phase can exist, ie the phase boundary. The phase of a
surfactant aggregate can depend on the thermodynamic pathway, ie the rate of change
of the controlling factor, where the conformation of the surfactants can depend on the
thermal treatment of the solution. This was shown by Seddon et. al. for the formation into
two different crystalline gel phases of a phosphoethanolamine (PE) lipid phase upon
storage of the Ly and Lg phases, where the resultant crystalline gel phases depended on
the thermal treatments of the lipid solution®'. Therefore, the conformation of the
surfactant molecule can lead to a kinetically stable state of a metastable form which will

reinvert into a thermodynamically stable state that has very slow kinetics.

1.5.1. Salt Concentration
The salt levels can influence the packing structure of the surfactant aggregates through
osmotic or ionic effects. An example of the former would be an osmotic stress on a
surfactant solution when salt is added to the bulk phase. In terms of vesicles, this results
in movement of interlamellar and core water into the bulk phase. Consequently, the
dehydrated bilayers lead to a decrease in the bilayer separation® and in some cases,

reported to form defects in the bilayers®%4,

The degree of shrinkage between the bilayers through dehydration depends on the
electrostatic interactions between the polar “head” groups, where the interactions
between amphiphiles is defined as the contribution of two factors; Van der Waals’ and
electrostatic forces, by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory®°6667,
This theory states that the stability of interacting particles depends on their rate of

coagulation, where the Van der Waals’ attraction is constant, and the rate is determined
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by the electrostatic repulsion between the interacting particles. The DLVO theory
approximates the behaviour of electrolytes in solution® on the interacting particles based
on the Debye-Hickel theory (see below). Therefore, the DLVO theory predicts the
interaction between two equal hard sphere particles (ie surfactant “head” groups) in

aqueous solution of electrolytes, as a function of distance.

Figure 1.7. Shows a schematic that represents the Debye-Hiickel theory, where a central positive
charge is surrounded by negative ions decreasing the potential around that positive charge in a
neutral system. The circle represents the decreasing potential area of the positive charge, where

the radius of the circle is known as the Debye length.

The ionic contribution for increasing levels of salt can be explained by the Debye-Huckel
theory for ionic solutions which states that a given ion will always be surrounded by a
counter ion in a charged balanced solution®°. Therefore, the average distribution of
ions in solution will result in a spherical ionic atmosphere for a specific ion surrounded
by its counterion. The radius of the ionic atmosphere is known as the Debye length (figure
1.7). This ionic atmosphere causes the columbic potential of the central ion to decrease
much faster with distance due to the shielding effect of the ionic atmosphere. Thus, an
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increase in salt levels can increase the Debye length and result in a net attraction from
the Van der Waals’ interaction which decreases the distance between the bilayers (see
section 5.3.2). Also, this net attraction has been reported to decreases the distance
between vesicles and increase vesicle size’'. These osmotic and ionic effects describe
salts that reside in the aqueous phase as opposed to salts that interact with the surfactant
“head” groups, so behaviour of salts in amphiphilic solutions depend on the type of salt.
These studies examine the behaviour of a single type of salt on the bilayers, where the

salt resides in the aqueous phase (see section 1.7.2).

1.5.2. Surfactant Concentration
The surfactant levels can govern the structure of a surfactant aggregate, where the
example was given for micellar growth of a surfactant molecule that promotes positive
curvature (P < 1, see section 1.3.1) will transition from micelles = “rod-like” micelles
phases’>" (1/3 < P < 1/2), with increasing levels of surfactant. Therefore, high levels of
surfactant can result in an increase in the size of the aggregates, but vesicle growth is
slightly different to the growth of micelles. As mentioned in section 1.3, micelles extend
into tubular structures when the radius of the aggregate is greater than I; because it
reduces interactions between the alkyl chains which is thermodynamically
unfavourable®. However, vesicles exist as bilayers, where the bilayer thickness is given
by 2l. and is constant (for non-interdigitated bilayers). So, an increase in aggregation
number will increase the vesicle size. Furthermore, the increasing surfactant levels can
increase the packing of amphiphiles and decrease the distance between the bilayers,

where the larger vesicles will have greater lamellarity (see section 5.3.1).

1.5.3. Temperature Vs Pressure

The temperature and pressure effects the phase of a surfactant system through changes

in the molecular kinetics of the surfactant molecule which is dominated by the alkyl “tail”
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group movement. Increasing temperature causes an increase in alkyl chain disorder from
an increase in thermal energy which, for a lamellar phase, promotes L > Lg 2 Lq
transitions. Conversely, the increase in pressure increases the alkyl chain order through
a decrease in volume which promotes Lq = Lg = L. transitions. As mentioned (section
1.4.2), an increase in alkyl chain disorder results in a decrease in the bilayer thickness.
Therefore, the general effects of temperature on the surfactant bilayer is, for increasing
temperature, a decrease in bilayer thickness, where an increase in pressure will have
the reverse effect of increasing bilayer thickness. Thus, the effects of temperature and

pressure on a liquid-crystalline phase, is inversely related’.

1.5.4. Thermal Fluctuations
The effects of temperature on the bilayers has been explained for the bilayers thickness
as a function of the alky chain length (previous section). However, the temperature
effects on the bilayers can also cause bilayer fluctuations. The structure of the vesicles
and their bilayers are held by weak Van der Waals’ forces, so movement can exist in the
form of vibrations of amphiphiles in and out of the bilayer planes, ie fluctuations. The
fluctuations of the bilayers depend on the shape of the amphiphiles and the interactions
between them and the aqueous phase. These fluctuations can be described as an
oscillatory function which can increase in amplitude. This increase in amplitude causes
a decrease in the distance between fluctuating surfaces (adjacent bilayers or vesicles)

and result in a repulsion between these surfaces which is entropically driven™.

The fluctuation forces are steric repulsions between surfaces or molecules which
compete with Van der Waals’ interactions. The Van der Waals’ interactions are
theoretically more dominant than these repulsions®. Furthermore, the energy of this
attractive interaction is proportional to 1/d?, so for a large bilayer separation the long-

range repulsions dominate. However, the sort-range repulsions are dominant over much
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shorter distances than the long-range repulsions due to steric hinderance between
fluctuating amphiphiles. These fluctuations can depend on the property of the bilayers ie
if they are in a fluid- or gel-like state. The latter experiences very little fluctuations due to
an increase in Van der Waals interactions between the alkyl chains, so the repulsions
associated with bilayer fluctuations only govern the bilayer separation of fluid-like

bilayers’’.

Besides random fluctuations, there are two modes of fluctuation; protrusion and
undulation. The former is the motion of individual amphiphiles bobbing in and out of the
bilayers plane and the force associated to this movement (as a function of distance
between two protruding molecules) is described as short-range protrusion forces. The
motion of amphiphiles, in and out the bilayers plane, can result in a collective ripple-like
motion across the bilayers and can be determined by the bilayers bending modulus. This
mode of fluctuation is given by long-range undulation forces. Both modes of fluctuation
can cause an overlap between the surfactant “head” groups of neighbouring bilayers and
give rise to repulsion either between the protruding amphiphiles back into the bilayers
plane or the neighbouring undulating bilayers. However, the overlap of surfactant “head”
groups can take place in the absence of protrusion and undulation forces for large flexible

surfactant “head” groups’®.

1.6. Effects of Preparation Techniques
The microstructure of a surfactant solution can be manipulated via the method of
preparation. Certain techniques, such as sonication and extrusion, can drive the
formation of specific microstructures. These preparation techniques govern the size and
the polydispersity of the vesicle structure. This control on the vesicle structure can control
the temperature of the phase boundaries for a surfactant-solution mixture because the

temperature of the phase transitions can depend on the vesicle structure’®.
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Extrusion is a technique that involves the process of driving a polydisperse vesicular
solution through a membrane with a specific pore size, x (figure 1.8a), creating vesicles
with a narrow size distribution centred around x, in diameter. This process is used to

decrease polydispersity by the formation of unilamellar vesicles of a similar size®%8".
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Figure 1.8. (a) Diagram for the extrusion mechanism, showing the polydisperse vesicular solution
being forced though a membrane with a pore size of x. (b) Shows the aggregation via sonication

of a polydisperse vesicular solution to monodisperse unilamellar vesicles.

Sonication is a technique that creates aggregation in a surfactant solution through high
frequency ultrasonic waves (figure 1.8b). Thus, sonication is mixing on a molecular scale
and generally form small unilamellar vesicles with increased sonication time828384,

Therefore, both techniques tend to result in the reduction of polydispersity and form
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unilamellar vesicles. The effects of these techniques on the phase behaviour for a

DODAC solution is reviewed further in Chapter 7.

1.7. Research Overview
The purpose of this research is to build a correlation-based mechanism for the effects
upon freezing and thawing on a lamellar-vesicle structure. The effects upon freeze-
thawing (FT) have been studied for lipid membranes and surfactant lamellar phases to
understand the impact of environmental stresses on its structure for the purposes of
transportation, storage and preparation. The effects upon freezing on lamellar phases
are reported to impact the structure in various ways, ie increased encapsulation
efficiency®®, change vesicle size (via fusion, fission or remixing)®®8788 change
lamellarity®® and promote vesicle - fragmented/extended bilayers transitions®'. In most
cases, these FT effects on the bilayers are a result of FT induced mixing. Therefore, the
changes to a lamellar phase will vary depending on electrostatic interactions between

the amphiphiles and the rate of cooling and heating.

1.7.1. Freezing Mechanism
The mechanism upon freezing for a lamellar phase is reported to be the result of osmotic
stress caused by ice formation in the bulk phase®. This stress upon freezing takes place
during heterogenous ice crystal formation around the solutes in the bulk aqueous phase,
leaving regions of high salt concentration which increases the bulk solution potential®3.
Then follows the movement of interlamellar and core water into the bulk phase, leading
to dehydration of the vesicle, where the dehydration causes a decrease in the bilayer
spacing (figure 1.9). As the temperature decreases the diffusion rate of water
decreases® and depending on the concentration of water, the frozen state of the

vesicular system can lead to supercooled water encapsulated between the bilayers.
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The effects upon FT, is reported by Gordon-Kamm et. al. as the result of dehydration
instead of low temperature exposure. This was examined by a direct comparison
between isolated protoplasts in hypertonic and isotonic solutions, at low temperature®.
The low temperature exposure of dehydrated protoplasts is reported to cause a lateral
phase separation in the bilayer, resulting in lamellar - hexagonal phase transitions®*7..
These reports suggest three types of freezing mechanisms that depend on the degree
of dehydration, where; (1) is a dehydrated bilayer which is still intact, (2) is the lateral
phase separation and (3) is defects/fractured planes in the bilayer, in order of increasing

dehydration.
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Figure 1.9. Shows a schematic for the general freezing mechanisms of a multilamellar vesicle in
an isotonic solution, where dehydration of the bilayers is induced by ice formation in the bulk
phase. The black arrows show the movement of interlamellar and core water into the bulk water,

during heterogenous ice formation in the bulk water phase.
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Upon thawing, the three different freezing mechanisms (see above) is reported by
Steponkus et. al. to result in either lysis induced by swelling of the bilayers or the loss of
osmotic responsiveness®. The latter is the result of freezing mechanisms (2) and (3) and
the former is the result of freezing mechanism (1). These outcomes all result in disrupted
bilayers which cause changes in the lamellar structure and the bilayers properties and

was discussed as the reorganisation of the bilayers, ie FT induced mixing.

1.7.2. Dioctadecyl Dimethylammonium Chloride (DODAC)

The FT behaviour of a lamellar vesicle phase was studied for the aqueous solutions of
polydisperse multilamellar dialkyl quaternary ammonium surfactant, DODAC (figure
1.10). The aqueous DODAC solutions were used to model that of liquid fabric enhancers
(LFEs), where LFEs are made up of dialkyl ester ammonium surfactants mixtures and
form multilamellar polydisperse vesicles in solution®®. LFEs are extensively used as
fabric softeners, where the fabric softener increases the softness and freshness of the
treated fabrics, controls static electricity, and prevent wrinkling and abrasion of the
fabric'®. These LFEs may undergo freezing during transportation and storage in lower
climate regions, where FT of the LFEs result in an increase in the solution viscosity. This
increase in solution viscosity effects the function of the LFEs which relies on the even

distribution onto the fabric surface.

Figure 1.10. Shows the molecular structure of dioctadecyl dimethylammonium chloride. The
structure consists of two C18 alkyl chains with an ammonium ion “head” group and a chloride

counterion.
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There is extensive research on aqueous DODAC solutions, where some of the earlier
work reported by Kunieda et. al.'® gives the phase behaviour of an aqgueous DODAC
solution with a chain melting transition temperature of 37 °C which is similar to the
findings in these studies (~38 °C) and was found that hydrated DODAC solutions form
lamellar phases for hydration levels as high as 96 wt%, where the highest hydration level
used in these studies is 95 wt%. The phase behaviour of DODAC was also studied by
Laughlin et. al.’®21% where DODAC hydration was achieved through dry DODAC
exposure in humid air (35-45 % humidity) which formed hydrated DODAC crystals and
the hydration rate of the dry DODAC increased with temperature. Also, the reports show
a decrease in the average particle size and lower viscosity of the DODAC solutions,
through mechanical shearing by a piston mixing device and sonication, in comparison to
DODAC solutions that were not mixed. This information describes the effective hydration
of DODAC solutions and the phases that they form, where DODAC exclusively forms

vesicles in solution.

The phase behaviour of the DODAC solutions result in kinetically stable lamellar phases
which in time transitions into a coagel phase. The coagel phase is a hydrated crystalline
gel phase which resembles the L. phase but with a bilayer separation much greater than
the L. or Lg phases, so bilayers with frozen alkyl chains separated by aqueous
layers'®1% The gel->coagel transition is an instability that takes place over a period of
months or years as a slow nucleation of frozen alkyl chains in the gel phase, forming
coagel domains for DODAC crystals with low solubility'®. This instability of DODAC is
similar to that mentioned earlier (see section 1.5) for PE lipid solutions which resulted

from various thermal histories of the PE lipid solutions.
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The coagel transition is reported by Shearman et. al.'"” for biodegradable dialkyl ester
quaternary ammonium surfactants solutions, where the gel->coagel transition took place
after hours instead of the months or years reported for DODAC. The gel->coagel
transition is also reported by Cassin et. al. for aqueous monoglyceride solutions which
resulted from the lack of thermal fluctuations (see section 1.5.4) in the gel phase'®.
Therefore, the gel->coagel transition rate is influenced by; the structure of the surfactant,
the thermal history of the solution and the effective hydration. Also, the addition of salt to
the DODAC solution is discussed (see section 5.3.1) to have an influence on the rate of

the coagel instability.

There are reports from Tsuruta et. al.'® on the DODAX counterion, where X is C or B for
a CI or Br ion, respectively. The report shows a preference of CI- ions to reside in the
aqueous phase and Br ions bound to ammonium ion “head” group of the surfactant. This
was determined by the reported interdigitation of DODAC bilayers which stabilised the
vesicle growth of DODAC vesicles compared to DODAB vesicles which ruptured, where
this behaviour was explained by an increased repulsion of the DODAB “head” groups

from bound Br ions.

The counterion behaviour was also studied by Cuccovia et. al.'"°, where the size of
DODAX solutions were measured by dynamic light scattering to give a sonicated
DODAC vesicle size smaller then that DODAB vesicles by 120 A in diameter and the
dissociation energy of the ions were measured by the effective surface potential of the
bilayers giving a higher dissociation of CI ions than Br ions. These results explain the
effective binding of the CI- ions and how they influence the bilayers properties (discussed
in section 1.5.1). The effects of salt and surfactant concentration on an aqueous DODAC

solution is discussed (in chapter 5) where the increased levels of salt and surfactant
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results in an increase in the aggregation size and a decrease in the bilayers separation,

creating larger vesicles with greater lamellarity.

The bilayer thickness for a DODAC system has been reported for values between 40-50
A. This is approximated through the relative interactions between two vesicles by
Carmona-Ribeiro et. al., to be 50 A at 25 °C'""" and determined through electron
microscopy for DODAC levels of 0.6 wt% by Kano et. al. to be 50 A (+ 5 A)"'2. The
interdigitation of the DODAC bilayers are calculated in recent studies by Gongalves et.
al., for a 33 to 28 A decrease in the bilayer thickness from 50 to 25 °C, respectively,
which was given at 35 wt% DODAC™'3. The experimental value for a DODAC bilayer
thickness of 40.249 A is reported by Shearman et. al., through swelling of the DODAC
(starting DODAC levels of 14.3 wt%) fluid lamellar bilayers'”'. In most cases the DODAC

bilayers exist in the Lg phase except for the reports by Gongalves et. al.'** and Tsuruta

et. al.’®, where they exist in the Lgl phase at high DODAC levels.

1.7.3. Thesis Outline

In Chapter 3, the temperature-pressure phase behaviour of a DODAC aqueous solution
is determined with pressure cycles between 0.001-4 kbar under isothermic conditions at
65, 25, 10 and 5.0 °C. The relationship between temperature and pressure is compared
directly between a temperature-controlled and a pressure-controlled DODAC system, in
chapter 4, which showed differences in the temperature-pressure relationship between
65-25 °C and in the Lg-L. transition for low-temperature and high-pressure, both systems

showed a general swelling of the DODAC bilayers after FT.

In chapter 5, the effects upon FT were compared for varying levels of CaCl, (0-0.15 wt%)

in the DODAC aqueous solution, where all solutions showed changes in the bilayer
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properties after FT. The DODAC solution containing 0.085 wt% CacCl; is then evaluated
(in chapter 6) for the effects of chemicals additives on the DODAC bilayers through the
addition of an ethoxylated alcohol surfactant and glycerol. These additives resulted in
structures that were more robust against the FT induced swelling but at high levels
resulted in swelling of the bilayers from the addition of glycerol and a spherical->planar

bilayer transition from the addition of the ethoxylated alcohol surfactant.

In chapter 7, the effects of preparation techniques on the FT behaviour of the DODAC
solution is discussed which showed that the polydispersity of the DODAC solution slows
down the proposed freezing mechanisms (figure 1.9). The effects upon FT on a DODAC
aqueous solution is concluded in chapter 8 which discusses the optimal conditions for a
vesicular structure that is robust against the FT induced swelling and outlines the

freezing behaviour of this DODAC solution containing 0.085 wt% CaCls.
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2. Materials and Methods

2.1. Materials
Dioctadecyl dimethylammonium chloride (DODAC) was purchased from Sigma-Aldrich
with a purity 297%. The excess water was removed by dissolving DODAC in a mixture
of chloroform/methanol (3:1 v/v) then drying over N> gas and lyophilised under vacuum
for over 24hrs (method extracted from Shearman et. al.)'™*. The methanol was analytical
grade with a purity 299.8 % and the chloroform was chemically pure with a purity of 99.0
%, both chemicals were purchased by VWR chemicals (VWR International). DODAC
was hydrated in an aqueous solution of calcium chloride and HPLC grade water, both
purchased by VWR International or deuterium oxide (for '"H NMR samples) which was
purchased from Sigma-Aldrich with a purity of 99.9 atom% D. The 12-14 carbon chain
alcohol ethoxylate (CAE10) and glycerol (glycerol 4833) was gifted by Procter and

Gamble (Brussels Innovation Centre) and used without further purification.

2.1.1. Preparation of Multilamellar Vesicles
DODAC levels between 5-14 wt% were hydrated in aqueous solution containing CaClz
(between 0-0.15 wt%) and stirred at 65 °C (well above the chain melting temperature of
~37 °C), for samples containing chemical additives, glycerol (0-7.5 wt%) or CAE10 (0-5
wt%) was added to the aqueous DODAC solution at 65 °C and stirred further for ~2mins,
then samples were left to cool at room temperature (~20 °C). The surfactant and salt
levels were chosen to model that of industrial multilamellar dispersions of liquid fabric
enhancers, such as fabric softeners (see section 1.7.2). Some samples were then
extruded and/or sonicated to increase the homogeneity of the solution, through methods
described in chapter 7. Unless specified, the DODAC solution was of 8 wt% DODAC in

an aqueous solution containing 0.085 wt% CaClz. The freeze-thawed DODAC solutions
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were frozen in liquid nitrogen and heated above the chain melting transition (~37 °C),

this process is repeated where specified, then left to cool at room temperature (~21 °C).

2.2. Nuclear Magnetic Resonance (NMR)

2.2.1. Introduction
NMR is a quantitative technique used to determine the orientation and the environment
of an observed nuclei given by a peak intensity corresponding to the population of the
observed nuclei with a chemical shift corresponding to the electronic environment of the
nuclei. The term environment relates to the electronic current of the electrons
surrounding the observed nuclei, caused by the applied magnetic field, which is
perturbed by the different types of interactions in the molecular system. NMR can be
used to determine the micro- and macroscopic phase of an amphiphile in
solution'®'18117  The fundamental theory has been developed to provide more
information about interactions and translational movement of components within a liquid

crystalline structure'8,

2.2.2. Basis of NMR

Structural information is given by the small release of radiofrequency (rf) energy during
relaxation of an excited spin state. The combination of charge and spin within nuclei
causes a magnetic moment. When an external magnetic field is applied to that magnetic
spin, the spin aligns itself in the direction of the external magnetic field. This describes
the ground spin state of the nuclei and gives rise to other possible energetically defined
spin states. The effect of the alignment results in a rotating and wobbling motion about
that axis, denoted as a precession. The precession frequency known as the Larmor

frequency (v.), is proportional to the strength of the external magnetic field (B,).
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Where y is the gyromagnetic ratio of the nuclei. The Larmor frequency defines the

amount of energy needed to excite the spin to a higher spin state'.

2.2.3. Relaxation Time Constants
The relaxation of excited spin states is defined as the loss or gain of its net magnetisation
in an axial plane or direction. The spin states are excited through a short rf “90° burst”
which changes the direction of the net magnetisation from the z-direction into the x,y
plane. The net magnetisation resonates as a combination of spin states which is
averaged throughout the system. That resonance decays over time due to variations in
the interactions between the nuclei and its environment or due to lack of uniformity in the

external magnetic field.

There are two types of relaxation; longitudinal (T1) and transverse (T-) relaxation. The
latter is also known as the spin-spin relaxation. It is the loss of net magnetisation in the
X, y plane after a “90° burst’. The T: relaxation is dominated by variations in the
precession frequencies of the nuclei due to differences in the nuclei environment. The
longitudinal or the spin-lattice relaxation is the gain of net magnetisation in the z-

direction. Thus, T4 will always be 2 T,'%.

The length of the relaxation varies with the electromagnetic interactions between the
observed nuclei and its surroundings. In a fluid or gaseous environment, the interactions
between the nuclei and the surrounding particles are similar due to translational

movement and molecular tumbling. The constant changes to the environment results in

37



a zero-average interaction between the nuclei and its environment, increasing the

relaxation rate.

Conversely, a solid or “gel-like” environment will have more localised positions resulting
in fewer to zero translational movement and molecular tumbling, and increased dipole-
dipole interactions between the particles. Therefore, the different interactions between
the nuclei and its environment will cause a decrease in the net magnetisation of the
precession, ie a decreased relaxation rate. This behaviour is used to determine the
macroscopic liquid crystalline phase and can be observed through the shape of '"H NMR
signal for the alkyl chains of the amphiphile which is given by the half-height width of the

'H NMR signal. The half-height width is inversely proportional to the time constants'?’.

2.2.4. Chemical Shifts

The chemical shift gives information on the electronic environment of the observed
nuclei. Thus, the electron density surrounding the observed nuclei can influence B,
changing the frequency of the nuclei resonance. The magnetic field creates an electric
current within the electron cloud forming a small magnetic field that opposes B,. This
opposing electric current “shields” the nuclei from B,. The degree of shielding depends
on the distribution of electrons in the nuclei environment, and the lack of electrons

defines nuclei that are “deshielded” from B,.

The chemical shift can be predicted by the type of bonding the nuclei experiences. For
example, the '"H NMR of a bonding pair H-X (where H is hydrogen and X is a group with
certain chemical properties) will give a chemical shift of H which will depend on X. If X
was a group that pulls electron density away from H ie electron withdrawing, then H will

be deshielded from B,. In this case, examples of X will be RCO2H (carboxylates), RHC=0
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(aldehydes) or RCO2NHH (amides). Similarly, a group with high electron density can
decrease the shielding on H, for X = I, Br,, CI', F~ (in order of increasing electron density).
Though, the effects of electron density on the shielding of H is smaller than that of
electron withdrawing groups. The most shielded H will be an example of X = HCH.
(methyl)'?2. Shielding and deshielding are basic terms used to describe the chemical shift
patterns of molecular systems and these basic terms are enough to explain the '"H NMR

of aqueous DODAC solutions.

The chemical shift can depend on solvent interactions, such as hydrogen bonding in an
aqueous phase. The presence of H-bonding can deshield the nuclei involved in the
dipole-dipole interaction'?®. The extent of H-bonding depends on the temperature of the
system and so in this example the chemical shift is dependent on temperature. The
behaviour for increasing temperature for an aqueous solvent, is a decrease in H-bonding

which will cause a decrease in the chemical shift.

2.2.5. Spin Echo
When a rf “burst” is applied to nuclei spin states which are parallel to B,, all the spins
states collectively precess at the same frequency resulting in a net magnetisation as the
spins states tend to the x,y plane. The length of the rf “burst” is equal to the time it takes
for the spin states to tend to the x,y plane. When the applied rf “burst” is removed, the
net magnetisation decreases due to inhomogeneity of the magnetic field or differences
in the individual spin state environments. The decay of the net magnetisation is known

as the free inductive decay (FID).

After a time of t, a second longer rf “burst” is applied to the spin states, rotating the spin
states by 180° in the x,y plane. Therefore, the dephasing spin states are now rephasing
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causing the net magnetisation to increase. Once the spin states are completely phased,

the spin echos and the net magnetisation decrease (figure 2.1).

90° rf “burst’ 180° rf “burst” Spifi Echa
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Figure 2.1. Shows the exponential FID of the net magnetisation after the 90° “burst”, then the spin

echo after the 180° “burst”.

The echo decay and FID may differ in magnitude due to differences in the phase of the
net magnetisation, where the differences are due to one of two reasons; the return of
nuclei spins states to its ground state through the transfer of the magnetic energy to the
molecule as kinetic energy (ie T+ relaxation), or from translational movement of the nuclei

where the rephrasing process is perturbed by changes in the nuclei environment'?.

2.2.6. Self-Diffusion
All molecules are said to abide by Brownian motion which states that a molecule
suspended in fluid will have random motion due to continuous bombardment from atomic
particles'®. Therefore, if molecules can have random movements in various directions
they can also have translational movement which describes the self-diffusion of a

molecule. This behaviour was observed by Einstein for the diffusion of a “Stokes” particle
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undergoing Brownian motion, where the Stokes-Einstein’s relationship for the diffusion

(D) of a spherical particle was derived.

_ kT
6mnr

[2.2]

Where k is Boltzmann constant, T is the temperature, rs is the hydrodynamic radius of
the particle and n is the viscosity. The assumption of a spherical particle, when defining
the self-diffusion of a molecule, is a limitation to this relationship'?®. However, this idea
of random translational movement developed the theory in quantifying the self-diffusion

of a molecule using NMR.

2.2.7. Diffusion Ordered Spectroscopy (DOSY)
As mentioned, the spin echo method can be used to determine the translational
movement of the observed nuclei. Though, the measurement of the self-diffusion
requires an applied magnetic field gradient (g) after the 90° and 180° “burst”, where the
length of the gradient is defined by 8. Thus, the spin echo method remains the same but
instead of a gradual decrease in the net magnetisation, a gradient is applied in the x,y

plane to redistribute the spins states in the direction of the field gradient.

Then a second gradient is applied shortly after the 180° “burst”, where the diffusion is
measured by change in position between the two gradient pulses and given by the time
A (figure 2.2). This process is called the pulse program where the method stated is a
simple representation of a DOSY experiment, where the parameters gradient length (6)
and diffusion time (A) are varied for different diffusing bodies. The diffusion is obtained

from a linear expression, given by:

In(1/1,) = —(yg6)*D(5%)  [23]
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Where, | is the intensity at the spin echo and |, is the initial intensity'?’.

90° rf “burst” 180° rf “burst” Spin Echo

i AW ﬂ ﬂﬂ M\ N\ n MM TPV
e

Figure 2.2. Shows a simple pulse program which is an extension of the spin echo method with
the addition of two applied gradients, where the time between the two gradients (A) defines the

given for diffusion.

2.2.8. Instrument
The '"H NMR DOSY experiments were performed on a Bruker 500 MHz AVANCE 1l HD
spectrometer running TopSpin 3.2, equipped with a z-gradient bbfo/5 mm tuneable
SmartProbe and a GRASP Il gradient spectroscopy accessory providing a maximum
gradient output (100%) of 53.5 Gem™' (5.35Gem™'A). Measurements were obtained at 25
and 5.0 °C for aqueous DODAC solutions before and after FT, where the solutions were
loaded into standard NMR tubes. The Bruker ledbpgp2s pulse program (figure 2.3) was
used at a frequency of 500.13 MHz with a spectral width of 5000 Hz centred at the water

signal (at ~4.7 ppm) and 32768 data points.
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The gradient strength increased from 2 % to 95 % linearly, or exponentially for very slow
and very fast diffusion pairs in the sample, with a recovery delay of 0.2 ms. The diffusion
time (A) and the bipolar gradient pulses (6/2) were varied due to large differences in the
diffusion rate across samples, where A varied between 0.05-3 s and 6/2 between 1-5

ms. These parameters were varied because slow diffusing water required longer A and

0, these parameters were determined through a 1D DOSY.

m | I |HEDa|/hr

U

U

Figure 2.3. Shows a representation of the ledbpgp2s pulse program, where the black blocks
represent the 90° “burst” and the wider blocks are the 180° “burst”. The bipolar gradients are
represented as white blocks with opposing signs. The blocks with black and white stripes are the

homospoil gradient pulses.

All experiments had a longitudinal eddy current (mechanical artifact that generates
electrical currents during pulse programs) delay (LED) of 5 ms and two homospoil
gradient pulse of 0.6 ms with a gradient strength of 17.13 % and 13.17 %. The data was
processed using the Bruker Dynamics Centre software (version 2. 1. 1) and the error

was estimated by a Monte Carlo stimulation with a confidence level of 95 %.
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The 'H static solid-state NMR experiments were performed on a Bruker 600 MHz with a
standard bore superconducting magnetic with a power of 14.1 T, running TopSpin 3.2.
The solutions were contained in a 4 mm MAS rotor ZrO» BL4 (80 pl) with a Kel-F cap
and mounted in a MAS double resonance probe for static measurements between 65

and 20 °C, where the temperature is controlled using an electric chiller unit.

2.3. Polarised Light Microscopy

2.3.1. Introduction
Polarised light microscopy is an imaging technique used to view optically anisotropic
structures and can be used to distinguish between the different liquid crystalline states
(see section 1.4.1). Liquid crystalline phases have long-range order and short-range
disorder which is where the anisotropic nature comes from and results in optically visible
liquid crystalline phases under crossed polarised light. Though, cubic phases have long-
and short-range order, and are found to be isotropic in nature. The anisotropic phases
can be identified by the specific patterns they form under crossed polarised light!2812%.130,
For a lamellar phase, a typical representation of the phase is the observation of “Maltese

crosses” (see section 6.3.1).

2.3.2. Birefringence
Polarised light microscopy takes plane-polarised light and passes it through a polariser
that is rotated by 90° in the same plane, where the planes of the polariser are now
crossed, where no light can pass through (figure 2.4a). However, if an anisotropic crystal
was placed between these polarisers, the interaction between the crystal and the plane-
polarised light will result in a partial polarisation of the incident light which is resolved

through the second polariser (figure 2.4b). This behaviour between an anisotropic crystal
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and the path of light is due to the crystals’ birefringence, where the path of light through

the sample is doubly refracted into two transverse waves.

Birefringent
sample

Figure 2.4. Shows the path of light through polariser 1 and 2, comparing the difference between
the path of light through (a) no sample and (b) a birefringent sample. The lines from the arrow
(source of light) represent a beam of light and the plane polarised light is represented as an

oscillating wave in one plane, where the O ray is light-grey, and the E ray is dark-grey.

These waves are denoted as the ordinary (O) ray for light parallel to the incident beam
and the extraordinary (E) ray for light perpendicular to the beam. The resolution of the O
and E rays can be observed through the optic axis which is the point where the O and E
rays are parallel. Thus, this optical property of the crystal varies with the orientation of

the incident beam™'.

This technique is limited in resolution and can only view images on a micron scale which

was ideal for the surfactant solutions prepared by hydration and mixing at 65 °C which
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form a polydisperse vesicular solutions with vesicles sizes on the micron scale. Though,
the phase behaviour for samples prepared by sonication and extrusion could not be

verified (see chapter 7 for the differences in preparation technique).

2.3.3. Instrument

Polarised light images were obtained using a Nikon Eclipse E600 Pol polarising
microscope fitting with a Qimaging Qicam 12-bit Fast 1394 camera at room temperature
(~21 °C) and varied temperature (vt) between 25 and -18 °C at 5 or 10 °Cmin, using a
Linkam LTS 350 temperature stage connected to Linkam temperature control LNP 94/2
and TMS 94, with a liquid nitrogen line connected to a 2 L DF2 dewar. Samples were
placed on a glass slide and covered with a glass slip. The microscope imagines were
calibrated using a 1 mm graticule and all images were processed in Imaged 1. 6. 0_24

(64-bit).

2.4. Differential Scanning Calorimetry (DSC)

2.4.1. Introduction

DSC is a type of thermal analysis, it measures the energy associated to a phase
transition based on heat transfer between the environment and a sample as a function
of temperature. DSC uses this heat exchange to measure the thermotropic behaviour of
a sample, where the transfer of heat from the environment to the sample is given by an
endotherm and the reverse process for an exotherm. The DSC traces are known as
thermographs and are used to locate the positions of the phase transitions which can be
identified for the microscopic structure through other techniques, such as NMR or x-ray

scattering.
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2.4.2. Measuring Heat Transfer
The heat transfer as a function of temperature is measured against a reference, where
the temperature during a heating and cooling cycles, are kept constant between the
sample and its reference. For a reference that does not behave thermotropically, an
excess of heat energy is transferred to or from the reference during phase transitions to
maintain the constant temperature between the sample and its reference. So, the heat
transfer is a measure of the excess energy (Qex) supplied to the system when the
temperature of the sample varies from its reference. This excess energy is proportional

to the heat capacity (C,.ex) of the sample™®2.

Qex
Cpex = AT [2.4]

The thermographs represent endo and exo isotherms as an influx (positive curve) or
efflux (negative curve) of heat capacitance, respectively. These transitions are
characterised by the temperature which the heat capacity is at a maximum which is
denoted as the transition temperature, and the heat flow is equal to the enthalpy of the

transition which is given by the area under the transition curve.

The heating and cooling thermograph for a DODAC aqueous solution can be viewed in
figure 6.2, where the aqueous DODAC solution generally experiences large endotherms
for ice melting and exotherms for ice forming. However, the main transitions in which
liquid crystalline phases are characterised is between the gel and fluid phases ie chain
transitions, where phase changes are observed between different gel states, ie
microscopic changes can be viewed, and so the stability of the aggregates can be

observed'33.
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2.4.3. Instrument
Samples were measured using a Perkin-Elmer PYRIS Diamond DSC equipped with a
Intracooler 2P cooling accessory and a Nz gas flow of 2 bars. The aqueous DODAC
solutions (weighing between 8-11 mg) were hermetically sealed in 20 uL aluminium pans
and an empty pan was used as reference. The sample temperature was calibrated for a
known mass of indium, with an expected melting point of 156.6 °C which was measured
as 160.6 °C and AH = 27.78 J/g, where the expected value is 28.45 J/g. All samples
were measured between 70 and -40 °C at 10 °Cmin™'. The enthalpy was measured using
PYRIS software by measuring the area under the transition curve within an upper and
lower temperature limit. The enthalpy was given in joules and then divided by the number
of moles of DODAC in the bulk DODAC solution the samples were collected from before
being placed in the DSC pans, where the samples were collected at ~21 °C (collection

from gel phase).

2.5. X-Ray Scattering

2.5.1. Introduction
X-ray scattering is a common technique used to identify a liquid crystalline phase, by the
combination of small and wide-angle x-ray scattering (SAXS and WAXS). SAXS is used
to determine the liquid crystalline phase and has a resolution of ~1-300 nm, where it
distinguishes between microscopic phases through the sequence of the measured
bilayer spacing. WAXS has a higher resolution of ~0.1-1 nm and is used to determine
the orientation of the packing structure, where it can distinguish between macroscopic

phases and the different conformations that exist in the “gel phase”.
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2.5.2. Braggs Peaks
The long-range order in liquid crystal phases is due to repeat bilayers that have
translational symmetry. The repeat bilayer distance can be determined through Bragg’s
law which defines stacks of 2D lattice planes separated by d and the points that make
up these lattices, X and b (figure 2.5). Points X and b are defined as scattering bodies in
which the incident x-rays are scattered off X and b, where the scattered x-rays can
behaviour constructively or destructively. When waves interact destructively the sum of
the intensity is zero, where the scattered beam is a sum of waves that behave

constructively and so the waves are in phase.

o)
>

;’g\
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Figure 2.5. Shows a schematic representing Bragg’s law, where to two 2D lattices are separated
by d and the scattering angle is determined by the path difference of the incident and scattered

rays of the scattering bodies X and b.

The x-ray path difference between X and b needs to be established so that the x-rays
scattering off X and b can be in phase. The x-rays scattering off b travels an extra

distance of ab and bc compared to that of scattering body, X, where the length of ab and

49



bc are both equal to dsin6 and so the path difference is 2d sin 8. Furthermore, the 2D
scattering planes (n) must be an integer number of wavelengths apart for the x-rays to

behave constructively and so Bragg'’s law is given by
nA = 2dsin0 [2.5]

Where 6 is the glancing angle which is equal to the scattered angle, and A is the x-ray

wavelength. Thus, the d-spacing can be determined from 6 and A"3*.
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Figure 2.6(a). Shows the two bilayer stacks separated by water (blue rectangle) and (b) is the
horizontal plane of the bilayer stacks shown in (a), where the black dots represent the surfactant
“head” groups and the grey dots highlight the repeat unit. The double headed arrow represents

the d-spacing given by Bragg’s law, for (a) SAXS and (b) WAXS.

This Bragg’s model is extended further through the idea of rotation planes to approximate
from the different conformation of a crystalline structure. Therefore, the scattering angle
is rotated around the incident beam with a rotating scattering angle of 26 to form
scattering rings in a reciprocal space of s or q (scattering vectors), where s = 21q.
Therefore, the scattered rings are circular n planes in reciprocal space s distance apart,
where s = 1/d"®. This pattern is then integrated as a plot of scattered intensity against s
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or q which is the distance from the scattered centre. The d-spacing is defined differently
for SAXS and WAXS. SAXS defines the d-spacing as the repeat bilayer and water
distance (figure 2.6a) and WAXS defines the d-spacing as repeat packing unit of the

packing structure based on a hexagonal packer order (figure 2.6b).

2.5.3. Miller Indices

The repeat crystal planes (n) are defined by their orientation in a 3D reciprocal space
through Miller indices (hkl). In real space n is first defined by the orientation in 2D space
by x and y as vectors ax and ay, where these vectors are defined by the distance where

n intersects axand ay. For example, if n intersects ax and ay at a,/2 and a,/2, respectively,

then the position of the plane in 2D space is G%) (figure 2.7, for 2D space). In 3D space,

this plane, n, is infinitely present in the z-direction which is given by the vector a, (figure
2.7, for 3D space) and the orientation of n is given by (%% oo), where the Miller indices

in reciprocal space is defined as (2 2 0)'%.

2D 3D

3y

(ay, 8y, a,) \'

Figure 2.7. Shows the orientation of n (dotted line) in 2D and 3D space (solid lines), where the
planes’ real space positions are G% 00) and the reciprocal space is defined by Miller indices

as (220).
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2.5.4. Identifying Lamellar Phases
The repeat planes in a lamellar phase will extend along the z-axis, as a 1D stack of
planes which will define the miller indices as (0 0 1) where 1 =1, 2, 3, 4... etc. Thus, these
planes are separated by a ratio of 1:2:3:4... etc., from the scattering centre. The
integrated WAXS pattern can determine the macroscopic phase, ie crystalline, gel, or
fluid phase, where the fluid phase is presented as a board peak due to lateral disorder
from the alkyl chains and is centred around ~5 A, the gel peak is generally a single sharp
peak at ~4 A due to increased lateral order from the alkyl chains in the hexagonal packing
and the crystalline phase will have multiple high intensity peaks due to the high positional

order from a frozen structure.

O O

Figure 2.8. Shows a schematic of the (a) hexagonal packing and the (b) distorted hexagonal

packing of the surfactant packing in a liquid crystalline phase.
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2.5.5. ldentifying Lamellar Gel Phases
The different types of gel phases were explained in section 1.4.3, where the different
conformations of a gel phase are Lg, Lg, Pg, or Lgl. The Lgand Pg are tilted with respect
to the Lg and Lgl phases, where the Lg and Lgl phases have a hexagonal packing with a
separation of di = d> (figure 2.8a). The tilted structures will cause a distortion of the
hexagonal packing that will result in a lateral separation in the direction of tilt. Thus,
elongating the repeat unit in one direction, where the distorted hexagonal pattern has a
separation of d¢ > d; (figure 2.8b). The distorted hexagonal packing is observed in the
WAXS as two separate d-spacings which is shown in the integrated scattering patterns

as widening of the gel peak or the presence of two gel peaks'’.
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Figure 2.9. Shows a schematic adapted from Sun et. al.'38 (redrawn) of the Pg phase in real space
(below the gx line) and reciprocal space (above the qgx line), for the different lamellar reflections
given in the Pg phase. The bold zig zag lines show the asymmetric ripple layers and the
parallelogram is the repeat unit, where the vectors a and b are the d-spacings and ripple

wavelength, respectively.

53



Further differentiation of these phases is given by the SAXS patterns, where the Lgl
phase will have a drastic decrease in the bilayer distance compared to the Lg phase and
the Lg phase will show a single lamellar reflection, for lamellar bilayers that are in
equilibrium, compared to that of the Pg phase. As mentioned (see figure 1.6), the Pp
phase repeat unit is characterised by the ripple wavelength (A), the ripple tilt angle (Y’)
and the repeat bilayer unit (d, ie d-spacing), and so the repeat lamellar unit is 2D instead
of the 1D stacks of normal lamellar bilayers, where the Miller indices in the Pg phase are
defined as (h k 0). The asymmetric Pg- phase is given by a series of lamellar reflections
shown (figure 2.9) by their positions in reciprocal space, where the (0 1) peak of the first

lamellar reflection is equal to the ripple wavelength.

2.5.6. Instrument
Synchrotron x-ray data was obtained at Diamond Light Source (Harwell Campus, Didcot)
on the i22 beamline through simultaneous SAXS and WAXS recordings which were
achieved through two detectors, Pilatus P3-2M (SAXS) and Pilatus P3-2M-L (WAXS),
placed at different distances from the sample. The detectors were calibrated using silver
behenate (AgBe), with a lattice spacing doo1= 58.38 A, to define the centre of both SAXS

and WAXS detectors.

The i22 beamline was equipped with a pressure cell that can generate hydrostatic
pressure up to 5 kbar, where the sample is contained between two flat single crystal
diamond windows in the x-ray path'°. The aqueous DODAC solutions were cycled from
atmospheric pressure to a maximum of 4 kbar in 0.2 kbar steps at constant temperature,
where the temperature is specified for each experiment. The pressure samples were
loaded in polycarbonate capillaries and sealed with a rubber stopper, cut from an O-ring,

and epoxy resin glue.
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The room temperature and temperature-controlled samples were loaded into either heat-
sealed glass or parafilm sealed polycarbonate capillaries and mounted in a capillary rack,
where the temperature, when not 25 °C, was cycled between 65 and 20 °C with 5.0 °C
steps. The low temperature measurements, between 25 and -18 °C with 5.0 °C steps,
were obtained with a DSC600 Linkam capillary stage that was mounted vertically in the
x-ray path and connected to a Cl94 Linkam temperature control unit and the samples

were loaded in Quartz capillaries and sealed with parafilm.

The integrated scattering patterns were processed in Dawn version 2.3.1 (Diamond Light
Source) and fitted in OriginPro (OriginLab Corp.) and the peaks were fitted using a

gaussian peak function:
x — x0)?
y =Y, + mx + Ae‘(%) [2.6]

Where w is the width of the gaussian, A is the amplitude and x. is the centre. A gradient

(m) was introduced to correct for the sloping baseline.
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3. The Relationship between Temperature and

Pressure for an aqueous DODAC Solution

3.1. Overview

The WAXS reflections of the aqueous DODAC solutions are studied between pressures
of 0.001-4.0 kbar with 0.2 kbar steps under isothermal conditions at 65, 25, 15 and 5.0
°C, to build a pressure/temperature (P/T) relationship for this DODAC system. The Lq, Lg
and Lg phases are given by the WAXS d-spacings (see section 2.5.4) for each pressure
cycle. The pressure cycles at 25, 15 and 5.0 °C, give a pressure for the Lg>Lg phase
transition of 1.4, 0.8 and 0.2 kbar, respectively, and the d-spacing trend with pressure at
those temperatures followed a similar pattern with an offset of 0.6 kbar. Therefore, the
P/T relationship was given as 0.06 kbar/°C, where this relationship was used to build a
theoretical pressure phase diagram between 0.001-7.6 kbar, for a constant temperature

of 65 °C.

3.2. Introduction

As mentioned in chapter 1, the structure of a liquid crystalline states can depend on
concentration, size and type of surfactant or the counterion, where; the concentration
can increase the aggregation size, mixed surfactant systems with surfactants types that
adopt different curvatures can promote curvature of the dominant (ie with highest
concentration) surfactant™®41, the thickness of the bilayers increases with alkyl chain
length*®, and DODAX counterions of X = Br and CI give a chain melting transition
temperatures for DODAB < DODAC'2. These variations in lamellar phases are highly
dependent on temperature and pressure. For example, micellar solutions of dialkyl
quaternary ammonium surfactants are formed from predominantly lamellar vesicle

phases with increasing temperature, so temperature can lower the lamellar->micellar
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transition boundary'3. Also, pressure can shift the temperature phase boundary to
predict for low temperature phase behaviour'**. This effect of pressure on the
temperature phase behaviour was discussed (section 1.5.3) as an inverse relationship
between the temperature and pressure phase behaviour which was extensively reviewed
by Winter et.al. for liquid crystalline phases showing the inverse behaviour of
temperature and pressure and the general temperature/pressure (T/P) relationships of
~220 °C/GPa (~0.045 kbar/°C) at the chain melting transition of phosphatidylserine (PS),
PE and PC (mentioned in sections 1.4.3 & 1.5) lipids types'#>146.147 Therefore, the
behaviour of a liquid-crystalline phase with increasing pressure is the same as
decreasing temperature'®, where an increase in alkyl chain order is dominated by high

pressures and low temperatures™#.

The pressure study was completed for this aqueous DODAC system, to gain information
on the mechanisms behind the change in the DODAC bilayers structure and properties
after FT. The importance of this study stems from the physical changes of personal care
products which effect the function of the products upon freezing, during transportation
and storage (see section 1.7.2). The low temperature phase behaviour can be predicted
from the P/T relationship of the DODAC systems, where the changes in pressure can
observe greater changes to the bilayers through faster equilibration rates compared to
that of temperature-controlled systems'. Therefore, pressure-controlled systems can
provide a more detailed account for the changes to the DODAC bilayers upon FT. In
these studies, the P/T behaviour is determined through various pressure cycles of 0.001-
4.0 kbar under isothermal conditions for temperatures of 65, 25, 15 and 5.0 °C, where
the information is used to build a phase diagram with respect to the WAXS d-spacings

of the Lq, Lg and Lg phases.
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3.3. Results

3.3.1. Pressure Dependence
The aqueous DODAC solutions were pressurised using hydrostatic pressure, through
methods described in section 2.5.6. The pressure was cycled up and down between
0.001-4.0 kbar with 0.2 kbar steps, at 65, 25, 15 and 5.0 °C. The DODAC solution was
replaced at each temperature before the pressure cycles, to eliminate error from possible
changes to the DODAC bilayers properties or structure. This chapter only records the
phase behaviour of the DODAC bilayers through WAXS patterns, where the
corresponding SAXS measurements are poorly resolved below 25 °C, above 1.0 kbar
and for the repeat experiment after FT (see appendix, figure A3.1-A3.6), so cannot to
support any microscopic phase changes. However, the SAXS results verified the
presence of a lamellar phase for all temperatures at atmospheric pressure (see section

2.5.4).

The integrated WAXS patterns are given at 25 °C (Figure 3.1), where the aqueous
DODAC solution is in the Lg phase which is shown by the gel peak at 4.10 A (1.53 A"),
for reasons described in section 2.5.2. The gel peak d-spacing decreases from 4.10-4.06
A (average fitting error + 1 x 10 A) with increasing pressure between 0.001-1.2 kbar.
This decrease in the WAXS d-spacing corresponds to the increase in alkyl chain order
with increasing pressure. At 1.4 kbar the gel d-spacing starts to increase from 4.05-4.10
A as the pressure increases to 2.0 kbar, where a second peak is introduced at 1.6 kbar

with a d-spacing of 3.93 A (1.40 A™").

The second gel peak, introduced at 1.6 kbar, is due to distortion in the hexagonal packing
structure of the surfactant molecules in the gel phase, where typical changes to the

hexagonal packing structure was discussed (section 2.5.5) as a distortion of the repeat
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unit giving lengths of di > d» which, in this case, resulted in two gel peaks. This effect
was given for the Lg and Pg phases in section 2.5.5, where the Pg phase is generally
viewed as an intermediate phase between the Ly and Lg phases due to uneven bilayer
thickness as discussed in section 1.4.2 and is said to be both “solid’-like and “fluid’-

like™".
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Figure 3.1. Shows the integrated WAXS patterns for a DODAC solution containing 0.085 wt%
CaClz at 25 °C, for pressures; 0.001, 0.6, 1.4, 2.2, 3.0 and 3.8 kbar. The gel peak is given at ~4.1
A, where its d-spacing starts to increase with pressure until a second peak is introduced at 1.6
kbar with a d-spacing of ~3.7 A, denoted as the Lg->Lg transition. The average accuracy of the

gaussian fitting for the WAXS gel peak is + 1 x 103 A,

At 25 °C (figure 3.1), the behaviour of the second gel peak d-spacing results in a
decrease from 3.93 — 3.77 A as the pressure increases from 1.6 to 2.0 kbar. Above 2.0
kbar, both gel peaks steadily decrease in d-spacing by 0.1 and 0.4 % every 0.2 kbar as

the pressure increases to 4 kbar for the gel peak with the highest (~4.1 A) and lowest (~

59



3.7 A) d-spacing, respectively. This could be the result of the small gradual decrease in

tilting of the bilayers in the Lg as the volume decreases.

3.3.2. Pressure-Temperature Relationship
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Figure 3.2. Shows the WAXS d-spacings of the La (~5.0 A), Lg (~4.1 A) and the Lg (from the
distortion in the hexagonal packing given two gel peaks) phases, for increasing pressure between
0.001-4 kbar at temperatures; (a) 65, (b) 25, (c) 15 and (d) 5.0 °C. The second gel peak is given

by; (b) ¢, (¢) o and (d) A. The average accuracy of the gaussian fitting for the WAXS gel peak is
+1x103 A

The WAXS d-spacings of the Lq (~5.0 A), Lg (~4.1 A) and Lg (~3.7 A) phases are given
for increasing pressure (0.001-4.0 kbar) at constant temperatures 65, 25, 15 and 5.0 °C

(figure 3.2). The results at 65 °C (figure 3.2a) give the Lq>Lp phase transition at 1.4 kbar,
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so the Lq/Lg phase boundary lies between 1.2 and 1.4 kbar. For temperatures; 25, 15
and 5.0 °C (figures 3.2b, ¢ & d), the introduction of the second gel peak which signifies
the Lg>Lg phase transition was given at 1.6, 1.0 and 0.8 kbar, respectively. The general
behaviour of this transition, where the second gel phase peak appears, begins with an
average 1 % increase of the first gel peak (at ~ 4.1 A) d-spacing in the Lg phase. This
increase takes place at 1.4, 0.8 and 0.2 kbar for temperatures 25, 15 and 5.0 °C,
respectively. Although, the pressure phase behaviour of the aqueous DODAC solution
at 5.0 °C (figure 3.2d), does not result in a second gel peak when the first gel peak (at
~4.1 A\) starts to increase, due to the freeze induced tilting of the Lg phase at 0.2 kbar.
The differences in phase behaviour at 5.0 °C may be due to a low intensity gel peak (at

~3.7 A) or convoluted gel peaks, which can be viewed as an increase in the gel peak (at

~ 4.1 A) width.
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Figure 3.3. Shows the changes in the WAXS d-spacings for increasing pressure between 0.001-
4.0 kbar, for temperatures; o 25 and 15 °C. (a) Shows original data (given in figure 3.2b & c),
where the WAXS d-spacings follow a similar trend for increasing pressure and (b) shows the
same results but with a positive 0.6 kbar shift in the pressure cycle given at 15 °C. The average

accuracy of the gaussian fitting for the WAXS gel peak is + 1 x 103 A.
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Following the differences in the Lg>Lpg phase transitions, where the transitions was
suggested to take place when the Lg phase gel peak begins to increase, shows the
pattern of a 0.6 kbar difference between the Lg>Lg phase transition pressures at 25, 15
and 5.0 °C. This 0.6 kbar pattern was investigated through the comparison of the
pressure cycles given at 25 and 15 °C (figure 3.3a), where the change in WAXS d-
spacing with increasing pressure followed a similar trend between the 10 °C difference
of 25 and 15 °C with an offset of 0.6 kbar. These patterns were combined by off-setting
the pressure cycle completed at 15 °C by 0.6 kbar in the positive x-direction (figure 3.3b),

giving a P/T relationship of 0.06 kbar/°C for this aqueous DODAC system.

3.3.3. Pressure-Temperature Phase Behaviour
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Figure 3.4. Shows the theoretical pressure plot for the WAXS d-spacings at temperatures; m 65,
¢ 25, @« 15 and A 5.0 °C. The plot shows the changing d-spacing for increasing pressure based
on a temperature of 65 °C, where the results taken from figure 3.2 are offset by the P/T

relationship of 0.06 kbar/°C. The phase transitions of the La>Lp and the Lg>Lg phases take place
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at 1.4 and 3.8 kbar, respectively. The average accuracy of the gaussian fitting for the WAXS gel

peak is + 1 x 103 A.

The pressure cycles at 65, 25, 15 and 5.0 °C were combined to form a theoretical
pressure phase diagram between 0.001-7.6 kbar for a constant temperature of 65 °C
(Figure 3.4). The phase diagram shows the transitions of the Lo>Lg and Lg>Lg phases
at 1.4 and 3.8 kbar, respectively. Based on the P/T relationship of 0.06 kbar/°C and a
starting temperature of 65 °C, the theoretical transition pressures of 1.4 and 3.8 kbar

corresponds to calculated temperatures of 42 and 1.7 °C, respectively.

The maximum pressure of the new plot (figure 3.4) is 7.6 kbar, so the calculated minimum
temperature of the plot in figure 3.4, based on the P/T relationship (0.06 kbar/°C) is -62
°C. Therefore, the calculated temperature from the theoretical plot (figure 3.4) is low
enough for a Lg—>L. transition. However, there are no changes to the WAXS d-spacings
indicating a crystalline phase above a theoretical pressure of 4.4 kbar (-8. 3 °C), instead

both gel peaks have a steady decrease with increasing pressure.

The theoretical plot for the pressure down cycle (Figure 3.5), shows Lg—>Lg and Lg>La
transitions at 3.8 and 1.2 kbar, respectively, where the pressure cycle at 65 °C show a
hysteresis of 0.2 kbar between the up and down pressure transitions. The transition from
Lg—~>Lg phase takes place at the same theoretical pressure (3.8 kbar), for both up and
down pressure cycles. Also, the second gel peak (~3.7 A) is present for all temperatures

in figure 3.5 at 4.0 kbar.
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Figure 3.5. Shows the theoretical plot of the sample in figure 3.4 for the changes in WAXS d-
spacing with decreasing pressure at 65 °C, where the pressure down cycles at temperatures; m
65, 0 25, @ 15 and A 5.0 °C, was offset using the P/T relationship of 0.06 kbar/°C. The deceasing
pressure transitions of the Lg—>Lp phase takes place at 3.8 kbar, and of the Lg>Lq phase takes
place at 1.2 kbar, where there is a hysteresis between the up and down pressure cycles at the

Lg> L« phase transition.

3.4. Conclusion
The P/T relationship for this aqueous DODAC system was determined to be 0.06
kbar/°C, where this P/T relationship is similar to the general P/T relationship for lipid
systems of ~0.045 kbar/°C, as mentioned earlier. This P/T relationship was consistent
for the repeat experiment (see appendix, figure A3.7 & A3.8) with the same conditions
for the aqueous DODAC solutions before and after FT (see appendix, figure A3.9 &
A3.10). The P/T relationship matches perfectly between the pressure cycles at 25, 15
and 5.0 °C which show a strong correlation between the WAXS d-spacings at a given
pressure, where this correlation can be used to predict the low temperature behaviour
for this aqueous DODAC solution. Although, the model is not perfect, because the

pressure cycle given at 65 °C show no indication of the Lg>Lg phase transition.
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At 3.8 kbar, the Lg phase gel peak d-spacings starts to increase, before the Lg>Lp
transition, where the pressure cycle at 65 °C does not share this same behaviour and
there is no introduction of a second gel peak at ~3.7 kbar for both the up and down
pressure cycles. There is also a kinetic lag between the up and down pressure cycles
for the Ly and Lg phase boundary, where there is no hysteresis between the up and down
pressure cycles at the Lg and Lg phase boundary. These differences between the phase
boundaries and the lack of Lg/Lg phase boundary for pressure cycles given at 65 °C, may
be due to a different P/T relationship between 65-25 °C or different phase behaviour
between temperature and pressure, between 65-25 °C. Therefore, these studies have a
40 °C gap in the P/T phase model. So, a direct comparison between; the pressure-
controlled system at 65 °C and a temperature-controlled system at atmospheric pressure
or pressure cycles given at constant temperatures between 65-25 °C, is needed to give

a more accurate P/T relationship for this aqueous DODAC system.
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4. The Comparison between the Temperature and

Pressure Controlled Systems

41. Overview
The P/T relationship of 0.06 kbar/°C, was previously (section 3.3.3) derived for the
DODAC aqueous solution, but the pressure phase behaviour did not match between
constant temperatures of 65 and 25 °C. In this chapter, the P/T relationship is studied
between 65-25 °C by the direct comparison between thermotropic isobaric (temperature
driven) and barotropic isothermal (pressure driven) systems. The temperature driven
system was cooled from 65 to 20 °C at atmospheric pressure and SAXS/WAXS results
were given in 5.0 °C steps. The pressure driven system was pressurised from 0.001 to
4.0 kbar in 0.2 kbar steps for a constant temperature of 62.6 °C, but the results displayed
are shown for a maximum pressure of 2.6 kbar. This pressure range (0.001-2.6 kbar)
give calculated temperatures of 63-19 °C using the P/T relationship. These systems
resulted in different gel conformations, where the temperature driven system transitioned
from the Lo—>Lg phase and the pressure driven system transitioned from Lo>Lg (or Pg)
phase. The effects upon FT was studied for both the temperature and pressure driven
systems, which resulted in a general FT induced swelling of the bilayers with little
changes to the hexagonal packing structure given by the WAXS d-spacings (see section

2.5.4).

4.2. Introduction

In chapter 3, the behaviour upon freezing was characterised at high pressures for this
aqueous DODAC system (8 wt% DODAC in a 0.085 wt% CacCl; solution) through the
changes in the WAXS d-spacings of the Lq, Lgand Lg phases, during pressure cycles

between 0.001-4.0 kbar at constant temperatures of 65, 25, 15 and 5.0 °C. The results

66



gave a P/T relationship of 0.06 kbar/°C, but the P/T relationship at 65 and 25 °C behaved
differently, where no Lg>Lg transition was given at 3.8 kbar for the pressure cycle at 65
°C. This suggests a difference in the thermotropic and barotropic behaviour between 65
and 25 °C, where the P/T relationship at the Ly and Lg phase boundary is different to the
one at the Lg and Lg boundary and/or more phases exist in the phase behaviour of this
aqueous DODAC solution. Thus, the importance of the direct comparison between the

pressure- and temperature-controlled systems.

The extensive research on DODAC aqueous solutions (see section 1.7.2) have little
records of the DODAC bilayers existing in a gel phase other than the Lg phase (when not
in the coagel phase, described in section 1.7.2). However, the existence of an Lgl phase
was discussed (see section 1.7.2) with reports by Gongalves et. al.'3, for a 35 wt%
DODAC (DODAC levels in this chapter are of 8 wt%) solution and by Tsuruta et. al.’®,
from DODAC adhesion onto polystyrene microspheres at high DODAC concentrations.
Additionally, the properties of the DODAC bilayers were reported by Kodama et. al,
through DSC studies, as a constant phase behaviour for DODAC bilayers between 15
and 80 wt% DODAC'™2, So, studies suggest an Lgl phase between 15-80 wt% DODAC

and an Lg phase below 15 wt% DODAC, for the DODAC bilayers.

There is also a lack of research on the freezing behaviour of DODAC and none on the
property and structural changes to the bilayers before and after FT. There is extensive
research on the chain melting Lg>Lq phase transitions of DODAC aqueous solutions,
where the cooling transitions are mentioned but in relation to the position of the chain
melting transition and there are no indications of freezing in the reports'®'%*. However,
there are reports by Liu et. al.', where the comparison was made for the Lq/Lg transition
boundary between sonicated DODAC samples before and after freezing. This report

mentioned an increase in the local viscosity of the DODAC bilayers after freezing,
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compared to the local viscosity before freezing. Therefore, the results given in this

chapter are covering an area in the DODAC phase behaviour that has been neglected.

4.3. Results

4.3.1. Temperature-Controlled Transitions
The Lq and Lg phase boundary was assessed between 65-20 °C at atmospheric pressure
before and after FT to determine the effects of freezing on the DODAC bilayers. The
temperature was equilibrated at each temperature step, with an initial temperature of 65

°C and a decrease of 5.0 °C intervals.
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Figure 4.1: Shows the integrated SAXS patterns for a temperature driven system at 35 °C, for
before (dashed line) and after freeze-thawing (solid line), where the lamellar phase resides in a
gel phase at 35 °C. The results shown are for an 8 wt% DODAC solution containing in 0.085 wt%

CaCla.
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Figure 4.1 shows a typical lamellar SAXS pattern with a 1: 2: 3... peak position ratio (see
section 2.5.2), where a maximum of three peaks could be indexed (dashed line) and only
one after FT (solid line). The SAXS peaks are diffused with low resolution which
decreases after FT and with decreasing temperature. This low SAXS resolution could be
due to the high levels of water in the system, low lamellarity and the increased water

levels between the bilayers after FT.

The integrated SAXS patterns are shown at 35 °C (figure 4.1), where the Ls>Lg phase
transition takes place. This is given by a WAXS gel peak at ~4.1 A (figure 4.5). The d-
spacings of this system was determined using a gaussian curve function for the peak
fitting (see section 2.5.6). For each indexed peak of the SAXS reflections, the best fit to
the gaussian function was for a two-component gaussian which suggests that there is
more than one lamellar reflection for this system. This is likely, based on the lack of
symmetry either side of the peak maximum. Thus, the d-spacings for two lamellar repeat
units was plotted with decreasing temperature (figure 4.2), where the lamellar reflections

show a general increase in the d-spacings of the bilayers after FT.

Before FT, the two lamellar reflections are ~27 A in difference (figure 4.2a) and both
increase in d-spacings between 65-35 °C with decreasing temperature by 0.4 and 1.0 %
every 5.0 °C for the (m) and the (x) lamellar reflections, respectively. So, the variations in
the d-spacings with decreasing temperature are very small in the Ly phase. However,
this variation is much smaller for the (m) lamellar reflection which could be due to
suppressed temperature effects from inner vesicle layers of a lamellar structure with
uneven bilayer thickness or water thickness. This suggests a lack of uniformity in the
system and across the bilayer planes. When transitioning from L.>Lg, the lack of
uniformity can result in localised tilting within the bilayers (see sections 1.4.3 & 2.5.5)

which is characteristic for Ls>Pg—>Lg phase transitions. Though, the lamellar reflections
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are unresolved and a Pg phase cannot be certain, based on the reported lamellar

reflections for Pg-phases given by PC lipids'#®1%7.
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Figure 4.2: Shows the d-spacing changing with temperature for (a) before and (b) after freeze-
thawing. The SAXS peaks fit to a two component gaussian function giving two lamellar packing

units labelled x and m. The indexed lamellar peak fitting is accurate to + 1 A.

As mentioned, the aqueous DODAC solution at 35 °C is in a gel state (see figure 4.5)
and the P/T relationship gave a Lq—>Lg phase transition temperature of 42 °C (section
3.3.3). This transition temperature given by the P/T relationship lies within the 5.0 °C
temperature step of the acquired result for the temperature-controlled system. Therefore,
the P/T relationship provides a good approximation for the Ly and Lg phase boundary.
After this transition to the Lg phase (the gel phase is referred as the Lg phase until it is
fully defined), between 35 and 30 °C, there is an 11 (for x) and 8.0 (for m) % decrease in
d-spacing for the two lamellar reflections (in figure 4.2a). This change in the bilayers
spacing after the Lo—>Lg phase transition, proves that the gel transition is slow and could
result in the pre-transitional Pg phase at 35 °C then a Lg phase at 30 °C which is a

common behaviour of the Pg phase (see section 1.4.3).
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After FT (figure 4.2b), the Lo>Lg phase transition gives a 12 (for x) and 4.0 (for m) %
drop in the d-spacings between 40-35 °C, for the larger and smaller lamellar reflections,
respectively. This is followed by a second drop in the lamellar d-spacings of 32 % for the
larger lamellar reflection and 12 % for the smaller lamellar reflection, from 35 to 30 °C.
There are more changes in the d-spacings after FT which is shown by the structural
differences in the DODAC bilayers at 35 and 30 °C, where at 35 °C before FT the
structure of the bilayers is similar to that of the Ly phase and after FT the structure is
similar to that of the Lg phase. The DSC thermographs show a similar behaviour of the
DODAC bilayers at the Lo/Lg phase boundary, where a double transition is given after FT

(see figures 5.4, 6.3 & 7.4).

There is an overall decrease in the d-spacings from the Lq—>Lg phases. The behaviour
of the bilayers upon cooling generally (except for transitions to the Lgl phase) result in a
bilayer thickness for the Lq < Lg phase (see section 1.5.3), so the decrease in bilayers
distance from the Lo—>Lg phase is either from a decrease in aqueous solution between
the bilayers or due to a Lo~ Lgl phase transition. If the former is true, this decrease in the
d-spacing between the fluid and gel states, is due to a decrease in the undulating
pressure (see section 1.5.4) between the bilayers from the increase in the chain packing

density and bilayers rigidity in the gel phase''5°,

4.3.2. Pressure-Controlled Transitions
The pressure-controlled system was cycled between 0.001-4.0 kbar with 0.2 kbar steps
at a constant temperature of 63 °C. For comparison with the temperature-controlled
system, only the pressure range of 0.001-2.6 kbar is shown in these studies which is
equivalent to a temperature range of 63-19 °C (based on the P/T relationship for this
system). Like the temperature-controlled system, the integrated SAXS patterns are

diffused and decrease in resolution after FT (figure 4.3). Though, the second lamellar
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reflection is more obvious in the pressure-controlled system after FT showing a peak at
0.0324 A" (194 A) and 0.0464 A" (135 A) which do not match as a single lamellar

(indicated by the black arrows in figure 4.3).
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Figure 4.3: Shows the SAXS comparison for pressure induced transitions at 1.2 kbar and a
constant temperature of 63 °C, before (dashed lines) and after freeze-thawing (solid lines). The
La~>Lp phase transition is complete at 1.2 kbar (given by the presence of the gel peak in figure
4.5b) which is equivalent to a calculated temperature of 43 °C, using the P/T relationship for this
system. The black arrows indicate the first indexed peak for the two different lamellar reflections

in the integrated SAXS patterns after FT (solid lines).

The change in d-spacings for the two lamellar reflections with increasing pressure was
plotted for before and after FT (figure 4.4). Also, the plot includes the temperature
equivalent for each pressure which was calculated by the P/T relationship of 0.06 kbar/°C

(see figure 3.4). Although the P/T relationship was shown in chapter 3 to be incorrect for
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the Lo/Lg phase boundary, the relationship can still be a good approximation to compare

both the temperature- and pressure-controlled systems.
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Figure 4.4: Shows the SAXS d-spacings with decreasing temperature/increasing pressure for (a)
before and (b) after freeze-thawing. The two lamellar reflections are labelled as (x) for the larger
d-spacings and (m) for the smaller d-spacings. The temperature was calculated using the P/T
relationship (0.06 kbar/°C) for 8 wt% DODAC in an aqueous solution containing 0.085 wt% CaClz
(see figure 3.4). The La>Lp phase transition is complete at 1.2 kbar which is equivalent to 43 °C
as seen by the presence of the gel peak in figure 4.5b. The indexed lamellar peak fitting is

accurate to + 1 A.

The pressure-controlled system is in the Lg phase at 1.2 kbar with a calculated (using
P/T relationship, section 3.3.3) temperature of 43 °C (x 1 °C based on previous results)
which was compared to the temperature-controlled system (Lg phase transition takes
place between 40-35 °C) in the previous section. In comparison to the 5.0 °C steps of
the temperature-controlled system, the pressure-controlled system has equivalent
calculated temperature steps of 3.3 °C and as mentioned in section 3.2, pressure
propagates through a system faster than temperature. So, the transition temperature

given by the pressure-controlled system is more precise, for an accurate P/T relationship.

73



The change in d-spacings with increasing pressure follows a similar trend to that of
decreasing temperature. The effect of increasing pressure is almost constant before and
after FT between 0.001-1.2 kbar (calculated to 63-43 °C) and between 1.6-2.6 kbar
(calculated to 36-19 °C). This lack of variation in the d-spacings with increasing pressure
is probably due to the greater data points acquired from the equivalent 3.3 °C steps,
compared to that of the temperature-controlled system where the variations in the d-

spacings are already quite small for 5 °C steps (figure 4.2).

Before FT (figure 4.4a), between 1.2-1.4 kbar (calculated temperatures of 43-39 °C) the
d-spacings has a 12 % drop for (x) and an 11 % drop for (m). Also, similar to the behaviour
of the temperature-controlled system, there are two transitions after FT (figure 4.4b). This
is represented as a decrease in the (x) d-spacings of 5 and 11 % between 1.0-1.2 kbar
(calculated temperatures; 46-43 °C) and 1.2-1.4 kbar (calculated temperatures; 43-39
°C), respectively. The same behaviour was shown for the smaller d-spacings (m), given
by the second lamellar reflection (figure 4.4b), as a decrease in the d-spacings of 2 and
12 % between pressures 1.0-1.2 kbar (calculated to 46-43 °C) and 1.2-1.4 (43-39 °C),
respectively. The FT induced swelling of the bilayers shown by the increase in d-
spacings between the d-spacings before (figure 4.4a) and after FT (figure 4.4b), shows
no changes for the smaller d-spacings (m) besides the second transition given after FT
between 1.0-1.2 kbar. This is the result of a suppressed lamellar phase that is unaffected

by the FT induced swelling.

4.3.3. WAXS Comparisons
The temperature- and pressure-controlled systems follow similar tends in the SAXS d-
spacings for decreasing temperature and increasing pressure, respectively, though the

effects upon FT for the smaller lamellar reflection are different and this could be a relation
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to the type of phase each system resides. The WAXS gel peaks are given for both
temperature- and pressure-controlled systems (figure 4.5) to identify the type of gel
phase. The temperature-controlled system gives (figure 4.5a(i)) a double gel peak with
d-spacings of ~4.2 and ~4.1 A at 35 °C, where this double gel peak is given after FT (see
appendix, figure A4.1) and the WAXS d-spacings given before and after FT remains
constant by three significant figures. This distortion in the gel peak is the result of tilting

in the bilayers with respect to normal bilayers (see section 2.5.4).
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Figure 4.5: Shows the WAXS gel peaks for (a) temperature- and (b) pressure-controlled systems.
For the temperature-controlled system the Lg phase exists at; (i) 35, (ii) 30, (iii) 25 and (iv) 20 °C.
For pressure-controlled system at 63 °C, the Lg phase exist peak exists at; (i) 1.2, (ii) 1.4, (iii) 1.6,

(iv) 1.8, (v) 2.0 and (vi) 2.2 kbar.

The pressure-controlled system has a WAXS gel peak at 1.2 kbar (calculated to 43 °C),

which exists as a single peak at ~4.1 A. The WAXS results are consistent between the
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WAXS peaks given before and after FT (see appendix, figure A4.2). The differences in
the gel peaks between the temperature- and pressure-controlled systems were
assessed further by the comparison of the calculated gel peak width (figure 4.6), where
the distortion in the hexagonal packing structure can be observed by widening of the
WAXS gel peak (see section 2.5.4). For this comparison, the pressure was converted
into temperature using the P/T relationship (0.06 kbar/°C, see figure 3.4) and the

comparison also includes the gel peak widths for after FT.
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Figure 4.6: Shows the increasing WAXS gel peak width with decreasing temperature for; (A)
temperature-controlled transitions before freeze-thawing and (A) after, and the (m) pressure-
controlled transitions before and (o) after freeze-thawing. The pressure was converted to
temperature using the P/T relationship for this DODAC system (see figure 3.4), giving a calculated

temperature. The accuracy of the WAXS width gaussian fitting is + 2 x 104 A.

There is a general increase with the gel peak width with decreasing temperature. After
35 °C, the temperature-controlled system (A) continues to increase in gel peak width as

the pressure-controlled system (o) starts to plateau. For both systems the trend before
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and after FT remain the same. This supports that there are no changes to the local
packing structure of the surfactant aggregates which is given by the almost constant gel

peak d-spacings before and after FT (see appendix, figures A4.1 & A4.2).

The differences in the WAXS gel peak widths and the differences between the shape of
the WAXS gel peaks proves that the pressure-controlled system at 65 °C takes a different
transition path to the temperature-controlled system, where the WAXS gel peaks for the
temperature-controlled system is similar to that of the Lg or Pg phase and the pressure-
controlled system resides in the Lg or Lgl phase. The Lgl phase was discussed earlier as
a possible reason for the decrease in SAXS d-spacing during the fluid to gel phase
transition but due to how the DODAC bilayers are susceptible to change upon FT, it is
unlikely that there is interdigitation of these bilayers because they would be more robust
to the changes upon FT. These results were repeated for both systems giving similar

results in the gel peak widths (see appendix, figures A4.3 & A4.4).

4.4. Conclusions

Based on the P/T relationship (0.06 kbar/°C, see figure 3.4) for this aqueous DODAC
system, the differences in the phase behaviour takes place above 25 °C, as shown here
by the different phases given for the temperature- and pressure-controlled systems. This
was assumed (in section 3.4) from the perfect match of the phase behaviour at 25, 15
and 5.0 °C and the not so perfect match at the Ly and Lg phase boundary between the
pressure-controlled system at 25 and 65 °C. Therefore, the P/T relationship is not 0.06
kbar/°C at the L, and Lg phase boundary and other phases exist in the aqueous DODAC

system.

The phase assignments were made for the pressure- and temperature-controlled

systems, where the temperature-controlled system was suggested to be in a Lg or Pp
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phase. However, the resolution of the integrated SAXS patterns are too low to distinguish
between the Lg and Pg phases, where the SAXS patterns are given by broad lamellar
reflections, and so the phase of the temperature-controlled system cannot confirm a Py
phase, but it also cannot be ruled out. Generally, the Pg phase would give multiple
lamellar reflections (as seen in figure 2.9) in the SAXS integrated patterns, due to the
different planes in the ripple phase. The number of lamellar reflections would depend on
the periodicity of the rippled repeat unit, where a longer rippled wavelength (A;) would
give a smaller B valve (see section 2.5.5) and the lamellar reflections will be closer

together resulting in boarder SAXS patterns than a shorter A,'°.

The effects after FT on this system has shown a general increase in the SAXS d-spacing
and no change to the local structure of the surfactant aggregates, given by the constant
WAXS peak positions before and after FT. This suggest that if there is a disruption in the
vesicle structure upon freezing, after thawing the surfactants reorganise into the same
localised packing structure. Thus, the change in microstructure after FT is due to

increased levels of aqueous solution between the bilayers.
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5. The Effects of CaCl: and Surfactant Levels on a

DODAC System

5.1. Overview
This chapter shows the effects of varying levels of CaCl, on the DODAC bilayers distance
which proves a decrease in d-spacing with increasing CaCl; levels. This behaviour is
suggested to be due to ionic effects through the reduced ionic potential in the Debye
length (section 1.5.1) which cause a shielding effect between the positively charged
ammonium “head groups” of the DODAC bilayers. The increase in the Debye length
suppresses the effects of increasing DODAC levels from 5-14 wt%, on the aqueous-
surfactant mixture, where the general behaviour of the bilayers d-spacing without CaCl,
is a decrease from 210 to 142 A (£ 5 A) for a 9 wt% increase of DODAC levels. Upon
the introduction of 0.15 wt% (0.024 mol%) CaCl,, the bilayer spacing remains constant

for increasing surfactant levels.

The phase behaviour for 8 wt% DODAC was assessed further between 65-25 °C (5.0 °C
steps) for varying levels of CaCly; 0, 0.085 (0.014) and 0.15 (0.024) wt% (mol%). In the
absence of CaCly, the properties of the DODAC bilayers changes after FT which cause
a shift in the Lo>Lg (or Pg) transition temperature from ~31 to ~34 °C. For all levels of
CaCl,, before FT, the Lq=>Lp (or Pg) transition is accompanied by an average 10 %
decrease of the SAXS d-spacing and an average decrease of 67 % in the relative peak

height through the static solid state '"H NMR alkyl peak height.

5.2. Introduction
The behaviour of salt on DODAC systems have been reported by Carmona-Ribeiro et.

al., as a relative increase in fluctuation of DODAC bilayers (see section 1.5.4) with the
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addition of CaCl, (0.3-1 mol%) for sonicated DODAC vesicles, where the rate of
fluctuation is inversely proportional to the vesicle stability, ie coagulation rate®'. This
decrease in stability is reported by Hoffmann et. al., as a linear decrease in the storage
modulus after the addition of excess salt'®2. A recent report by Saveyn et.al, shows an
increase in CaCl; levels (from 0.04-0.1 wt%) results in a ~40 % decrease in DODAC
bilayer d-spacing'®®. These reports show that small variations in the CaCl, levels can
influence the thermal fluctuations of the bilayers and bilayer spacings of a lamellar
structure. The results shown in this chapter have a high sensitivity of the bilayer spacings
to the addition of CaCl, (0-0.15 wt%) which result in a stabilisation of the lamellar

structure from the effects on increasing DODAC levels.

The stability of the vesicular microstructure was assessed further for the effects upon
freeze-thawing (FT). The mechanism upon freezing was discussed in the section 1.7.1,
where the resultant frozen structure and the effects upon thawing differed by the
concentration of water and ionic interactions between the amphiphiles. Most reports on
FT are on lipid vesicles which presents fusion or disruption of vesicles to increase the
homogeneity'64165.166 ' and the increase in solubility of hydrophobic solutes in an aqueous
solution'”. Though, there are reports by Na Du et. al. on the formation of single tailed
surfactant vesicles using a rough glass surface which presented to be stable against FT
after the template was removed'®®'¢°, The stability of the single tailed surfactants was
due to partial interdigitation of the surfactants which increased the robustness of the

vesicles against FT.

The FT effects result in the disruption and/or reorganisation of the lipid structure to a
more thermodynamically stable organisation of amphiphiles in solution. In this study, the
effects upon FT for a DODAC aqueous solution was shown through changes in the DSC

cooling thermographs during temperature cycles between 70 and -40 °C. These changes
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are shown as a shift in the Lq>Lg transition temperature from ~31 to ~34 °C after FT
which remains constant for up to 2 FT cycles and after storage over 2 days (see
appendix, figure A5.1). The changes in the cooling thermographs were compared for
different CaClz levels (0, 0.085 and 0.15 wt%), where the introduction of CaCl; resulted
in a second transition that took place ~2.0 °C after the Lo~>Lg transition and denoted as

a transition between two unidentified “gel” phases, gel and gel'.

5.3. Reslults

5.3.1. The Effects of Surfactant Concentration
The microstructure for the vesicular solution was assessed for increasing levels of
DODAC and CaCl; levels. The mixtures contained surfactant levels between 5-14 wt%
in an aqueous solution containing 0, 0.015, 0.085 and 0.15 wt% of CaCl (figure 5.1).
The variations to the vesicle microstructure were compared by the lamellar repeat d-
spacing at 25 °C, in figure 5.1. All samples are in a lamellar phase which was determined

through the peak ratio of the integrated SAXS patterns at 25 °C (see section 2.5.2).

Figure 5.1 shows a general decrease in the lamellar d-spacing with increasing DODAC
levels. The d-spacing decreases almost linearly from 220-140 A with increasing DODAC
levels. The increase in DODAC levels will increase the vesicle size and lead to an
attraction of amphiphiles for constant ionic effects which may increase the lamellarity.
The relationship between the increasing DODAC levels and decreasing bilayer thickness
is reported by Tsuruta et. al. for DODAC bilayers deposited on polystyrene microspheres,
where the increase in attraction between amphiphile lead to the interdigitation of

bilayers'’®.
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Figure 5.1: Shows the change in the SAXS d-spacing with increasing DODAC levels for CaCl2
levels of; (A) 0.15, (n) 0.085, (e) 0.015 and (x) 0 wt%. Results obtained at room temperature and
pressure in a lamellar gel phase. The error bars are the standard deviation from the fitting of the

indexed lamellar peak ratio.

This trend of decreasing d-spacing with increasing DODAC levels does not stand for 13
wt% DODAC in an aqueous solution containing 0 and 0.015 wt% CacCl. which is shown
by the bilayers spacing of 224 and 166 A, respectively. This deviation from the trend
could be related to a phase transition, where an increase in d-spacing is reported by
Shearman et. al. as a lamellar gel->coagel phase transition for DODAC bilayers''. As
mentioned (section 1.7.2), the coagel is a crystalline gel phase which can form at 25 °C

over prolonged time periods.

The gel to coagel phase transition has been reported for DODAC as a nucleation of sub
gel regions forming (over months or years) a two-phase system of gel and coagel
states’’2. Therefore, it is likely that the d-spacing in figure 5.1 for 13 wt% DODAC is due

to the presence of coagel domains, where short-range attraction (for increasing levels of
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surfactant) dominates in the absence of long-range repulsion (thermal fluctuations
discussed in sections 1.5.4 & 1.7.2). However, that would also be true for 14 wt%

DODAC, so this behaviour may due to variations in the thermal history (see section 1.5).

In figure 5.1, the effects on increasing DODAC levels on the lamellar d-spacing is the
same for increasing CacCl, levels in the aqueous solution. These effects of CaCl, (0.15
wt%) are greater for lower levels of DODAC, showing a 50 % decrease of the d-spacing
at 5 wt% DODAC compared to the 33 % decrease at 14 wt% DODAC. This is due to
both variables (CaCl, and DODAC levels) tending to the same structure of large
multilamellar vesicles and the rate of change to the vesicle structure decreases as the
vesicles approach its structural limit. Thus, showing (figure 5.1) an almost constant d-

spacing with increasing surfactant levels at 0.15 wt% CaCl..

The solution of 13 wt% DODAC containing 0.15 wt% CaCl; results in a 55 % decrease
in d-spacing in comparison to a solution containing no CaCl. (figure 5.1). If in fact, as
discussed earlier, the high d-spacing of 224 A at 13 wt% DODAC (no CaCl,) was due to
increasing coagel domains, then the long-range attraction between the bilayers from the

zeroing potential between them decreases the rate of the gel->coagel transition.

5.3.2. The Effects of Salt Concentration
The increasing levels of CaCl; in aqueous solution was assessed for a DODAC level of
8 wt% between temperatures 70 and -40 °C at 10 °Cmin™' across three heating/cooling
cycles, through DSC. The heating thermographs remained the same across all cycles
and CaCl; levels (see figures A5.3 & A5.5 in appendix, and figure 6.3). However, the
cooling thermographs between 40-25 °C shows a shift in the L,>gel transition

temperature from ~31 to 35 °C after FT (figure 5.2). This shift in the Lo—>gel transition
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temperature was accompanied by a second cooling transition in the gel phase denoted

as a gel—>gel’ transition at ~31 °C, for CaCl; levels of 0.085 and 0.15 wt% (figure 5.2).
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Figure 5.2. Shows the (a) first and (b) second cooling cycle between 39-25 °C for 8 wt% DOODAC
in an aqueous solution of; (i) 0.15, (ii) 0.085 and (iii) 0 wt% CaClz. The DODAC solution was
cycled between 70 and -40 °C at 10 °Cmin-' and showed a double transition after FT, denoted as

La—>gel at ~35 °C and gel->gel’ at ~31 °C.

The enthalpy of the gel->gel’ transition increases from -10 to -35 Jmol™" (x 1 Jmol') with
increasing CaCl; levels (table 5.1), where the enthalpy of the transition is directly related
to the magnitude of the transition (see section 2.4.2). Furthermore, table 5.1 shows a
decrease from -34 to -6.0 Jmol™ of the Lo—>gel transition enthalpy with increasing CaCl,
levels. Therefore, the introduction of CaCl, suppresses the changes upon FT by
decreasing the enthalpy of the gel state given at ~35 °C and promoting the gel->gel’

transition at 31 °C which is assumed to be the same transition given as the Ls>gel
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transition before FT. The changes to transition temperature were assessed further

between 70-20 °C with 5.0 °C steps using SAXS/WAXS analysis.

CaCl; Levels / AHj54/ Jmol! Tisg/ °C AHg5g / Jmol™ Tgsg/°C
wt%
0 -34 35 -10 32
0.085 -17 34 -34 30
0.15 -6.0 34 -35 31

Table 5.1. Shows a list of the enthalpy changes, AH (accuracy of + 1 Jmol"), for the La>gel (I=>9)
and the gel>gel’ (g=>g’) transition and the temperature, T (accuracy of £ 5.0 °C) of the transitions,
for a DODAC solution of 8 wt% DODAC and varying levels of CaClz (0, 0.085, 0.15 wt%). The
enthalpies are shown for the second cooling DSC thermographs of the DODAC solution. The
enthalpy changes of the transitions were obtained from the DSC thermographs (see section

2.4.2).

The integrated SAXS (figure 5.3(i)) and WAXS (figure 5.3(ii)) patterns are shown for the
Lo—>gel transition temperature at 35 (figure 5.3a) and 30 °C (figure 5.3b), for 0, 0.085
and 0.15 wt% CaCl,. The integrated WAXS patterns in figure 5.3(ii), are centred around
the gel peak at ~4 A which is generally given by a sharp peak due to an increase in
lateral order in a gel phase. Figure 5.3(ii) shows a double WAXS gel peak (as seen in
figure 4.5a) which is a distorted gel peak caused by lateral tilting from a normal bilayer
structure which is characteristic of a Lg or Pg phase (see section 2.5.5). In chapter 4, the
differences between the Lg and Pg phases were discussed and concluded that the
resolution of the integrated SAXS patterns are too low to distinguish between the two

phases for these DODAC systems.
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Figure 5.3. Shows the integrated SAXS/WAXS patterns for 8 wt% DODAC in an aqueous solution
containing; 0.15 (dashed line), 0.085 (dotted line) and 0 (solid line) wt%. The integrated patterns
are shown for (i) SAXS and (ii) WAXS at (a) 35 and (b) 30 °C. The L«—>gel transition takes place
for 0.085 and 0 wt% CaClz at 35 °C and for 0.15 wt% CaClz at 30 °C. The WAXS patterns are
centred around the gel peaks at ~4 A, where the gel peak is distorted by tilting of the bilayers (see

section 2.5.5). Thus, the lamellar gel phase is given as a Lg or Pg gel phase.
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In figure 5.3a(ii), the WAXS gel peak is not present at 35 °C for a CaCl, level of 0.15
wt%. The temperature which the WAXS gel peak is present is recorded as the Lo>Lg (or
Pg) transition temperature, where this transition takes place at 35 °C for CaCl. levels of
0 and 0.085 wt%. Though, in the case of a DODAC aqueous solution containing 0.15
wt% CaCl,, the transition temperature is decreased to 30 °C. Thus, the long-range
attraction from increasing levels of CaCl. causes a decrease in the Lq=>Lg (or Pg)
transition temperature upon cooling, before FT. After FT, for the DODAC aqueous
solution containing 0.15 wt% CaCls, the Lo>Lg (or Pg) transition temperature increases
to 35 °C which is shown through the WAXS gel peak (see appendix, figures A5.8 & A5.9).
This suggests that the changes upon FT causes an increase in repulsion that dominates

over the long-range attraction from the zeroing potential between the bilayers.
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Figure 5.4. Shows the SAXS d-spacing for decreasing temperature (a) before and (b) after FT.
The results were taken between 65-20 °C with -5.0 °C steps, for 8 wt% DODAC in an aqueous
solution containing; m 0, 0 0.085 and A 0.15 wt% CaClz. As seen in figure 4.3, the SAXS patterns
have a second lamellar phase shown by low resolved peaks or distorted peaks which best fit to a
two-component gaussian giving two lamellar d-spacing with an indexed lamellar peak fitting
accurate to = 1 A. The results are shown in this figure as the comparison between the highest
indexed lamellar phase for the different CaClz levels (see section 2.5.4, for identifying lamellar

phases).
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The WAXS gel peak intensity increases from 35 to 30 °C (figure 5.3(ii)), due to increasing
lateral order through the transition from a disordered fluid phase to a more ordered gel
phase. This reiterates the assumption that the structure at 35 °C is a pre-transitional (ie
Pg phase) structure to that at 30 °C which is why the d-spacing in figure 5.4 decreases
further after the Lq>Lg (or Pg) transition temperature. The SAXS d-spacing is also
compared for decreasing temperature between 70-20 °C, before and after FT (figure

5.4).

Before FT (figure 5.4a), there is an 11 % max. drop in the lamellar d-spacing for all CaCl-
levels from 35 to 30 °C, where the Lq>Lp (or Pg) phase transition takes place, which
was discussed at the end of section 4.3.1. After FT (figure 5.4b), there’s a 10, 12 and 9
% decrease in d-spacing from 35 to 30 °C, for a DODAC aqueous solution containing
0.15, 0.085 and 0 wt% CaCly, respectively. This decrease in d-spacing is greater for
CaCl; levels of 0.085 wt% where the effects upon FT (increased bilayers separation) is
dominant over the ionic effects (decreased bilayer separation). However, the increased
ionic effects on the DODAC bilayers cause by CaCl. addition is dominant over the FT
effects for a CaCl. level of 0.15 wt%. This results in a decrease in the d-spacing
difference between 35 and 30 °C after FT (figure 5.4b) and a smaller difference in the d-

spacing before and after FT.

Between temperatures 40 and 35 °C (figure 5.4b), there is a 4 % max decrease in d-
spacing for CaCl; levels of 0.085 and 0.15 wt% which may correspond to the gel phase
present after FT at ~34 °C in the DSC results (as seen in figures 4.2 & 4.4). This decrease

in the lamellar d-spacing from 40 to 35 °C is not shown for a system with 0 wt% CacCl..
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5.3.3. Determining the Phase Behaviour using NMR
In the '"H NMR, the alkyl chain peak height can give information on the mobility of the
alkyl chains in the vesicle structure, as mentioned in section 2.2.3. The half-height width
can provide information on the phase through its inverse relationship with the T;
relaxation which deceases with greater dipole-dipole interactions, due to closer 'H-'H
distances'”3. However, the broad hidden signal given by the alkyl peak, labelled -C1sH37
at 1.17 ppm (figure 5.5), makes it difficult to deconvolute the alkyl peak from the methyl
“head” groups, labelled —N(CH3). at 3.31 ppm and the water peak at 4.75 ppm (at 25 °C).
Thus, the alkyl peak height is measured instead of the half-height width which are

inversly related.
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Figure 5.5. 'TH NMR of a DODAC/CacClz aqueous solution before FT. Solid line plot was taken at
65 °C and dashed line plot at 25 °C. The chemical shift of 4.75 ppm at 25 °C is due to H20 which
shifts to 4.40 ppm at 65 °C. This upfield shift of the water peak with increasing temperature is a
known phenomenon (see section 2.2.4). The methyl groups on the polar head group labelled [N-
(CHs)2] has a chemical shift of 3.31 ppm and the carbon-18 alkyl chains has a chemical shift of

1.17 ppm.
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The 'H NMR spectra of a DODAC aqueous solution containing 0.085 wt% CaCl, was
compared at 65 and 25 °C (figure 5.5), showing diference in the relative intensity of the
alkyl peak height for the Ly and Lg (or Pg’) phases, respectively. This change in the alkyl
peak height is given by the decrease in molecular motion (lateral and rotational diffusion)
and an increase in the dipole-dipole interactions in the gel phase, compared to that of
the Lq phase, which broadens the alkyl chain signal and results in a hidden signal that
lies beneath the noise, causing a decrease in the alkyl peak height (refer to section

2.2.3).

The static SSNMR results are shown (figure 5.6) for the changes in the alkyl chain peak
height with CaCl, levels of 0.15, 0.085 and 0 wt% between 65-25 °C with -5.0 °C steps,
before (figure 5.6a) and after (figure 5.6b) FT. Before FT (figure 5.6a), there is a 70, 72
and 80 % decrease in the relative intensity of the alkyl peak height which corresponds to
the La>Lg(Pg) phase transition from 35 to 30 °C, for a DODAC aqueous solution
containing 0.15, 0.085 and 0 wt% CaCls, respectively. This difference in the alkyl peak
height between the Ly and Lg (or Pg) phases is 10 % greater for a DODAC aqueous
solution containing 0 wt% CaClz which is due to the alkyl chains mobility in the Ly phase.
The fluctuating pressure (see section 1.5.4) in the Lq phase is greater with CaCl, based
on reports by Carmona-Ribeiro et. al.'®!, which restricts the movements of amphiphiles
in confined space, within the bilayers. So, the solution containing no CaCl, will have more

alkyl chain mobility in the Ly phase.

After FT (figure 5.6b), there is a general decrease in the alkyl peak height suggesting
that the effects upon FT causes an increase in the dipole-dipole interactions for a more
“gel-like” environment. The effects upon FT for a DODAC system containing 0.085 and
0.15 wt% CaCls, given by a second gel phase transition in the cooling DSC thermograph

at ~34 °C (figure 5.2b) and a decrease in the SAXS lamellar d-spacing when cooling
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between 40-35 °C (figure 5.4b), is shown through a decrease in the alkyl peak intensity
from 40 to 35 °C which is greater than the average 2 % decrease every -5.0 °C between

65-40 °C (figure 5.6b).
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Figure 5.6. Shows the change in the relative alkyl peak intensity at 1.17 ppm (shown in figure 5.5)
with decreasing temperature of the 'H NMR results (a) before and (b) after freeze-thawing. Each
plot compares results for CaClz levels of;, m 0, 0 0.085 and A 0.15 wt%. The phase assignments

are based on the results given in chapter 4.

Between 40-35 °C (in figure 5.6b) there is a 37, 18 and 28 % decrease when cooling for
a DODAC solution containing 0.15, 0.085 and 0 wt% CaCl,, respectively. However, the
second gel state (shown in figures 5.2b and 5.4b) never existed upon cooling from 40 to
35 °C for a DODAC solution containing 0 wt% CaCl.. Therefore, this decrease in the
relative intensity of the alkyl peak is due to slow Lo=>Lg (or Pg) phase transition. So, the
information given by the "H NMR of the alkyl peak height is limited by transitions between

microscopic phases.

In the Lg (or Pg) phase at 25 °C (figure 5.7), for CaCl. levels of 0.085 and 0 wt%, the

alkyl peak height increases after FT by 9 and 25 %, respectively, where the behaviour of
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the DODAC system containing 0.15 wt% CaClaresults in a 24 % decrease in alkyl peak
height after FT. This behaviour at 0.15 wt% CaCl. could be a result of the decrease in
the Lqa>Lg (or Pg) transition temperature (see figure 5.3(ii)) which will result in a 5.0 °C
shift of the thermotropic behaviour relative to the DODAC solutions containing 0.085 and
0 wt% CaCl,. This theory is supported by the linear trend of decreasing alkyl chain height
with increasing CaClz levels, which mirrors the general trend seen in this chapter
between the alkyl chain mobility and CaCl. levels, after FT where the Ls=>Lg (or Pg)

transition temperature is the same for all CaCl. levels (see appendix, figure A5.8).
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Figure 5.7. Shows the static '"H SSNMR for the relative alkyl peak height at 1.17 ppm (shown in

figure 5.5), (m) before and (o) after FT at 25 °C.

5.4. Conclusion
The increase in DODAC and CacCl; levels result in an increase in the lamellar bilayer
packing which reduces the bilayer thickness and/or the amount of interlamellar water.
For a system containing no CaCl; at 13 wt% DODAC, the lamellar d-spacing was higher
than expected when compared to the trend for increasing levels of DODAC where the

trend followed for a d-spacing of ~145 A instead of the 224 A shown for 13 wt% DODAC
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(see figure 5.1). This behaviour was suggested to be a result of increasing coagel
domains in the lamellar gel phase which is given by a second lamellar phase with a larger
d-spacing in the integrated SAXS patterns that generally decreases with increasing salt
levels (see appendix, figures A5.10-A5.13). The behaviour of the bilayers from the
addition of salt causes an increase in fluctuation pressure in the fluid phase (see section
1.5.4) which can prevent any alkyl chain interactions to form crystalline bilayers and a
zeroing potential (see section 1.5.1) between the cationic surfactant “head” groups in the
gel phase (less fluctuations in and across the bilayers) which will dehydrate the bilayers.
Therefore, based on the fact the a coagel is a hydrated crystalline gel phase, both
behaviours of salt on the bilayers will cause the rate of the gel->coagel phase transition

to decrease.

Before FT, the increased levels of CaCl, (0.15 wt%) resulted in a decrease in the La>Lg
(or Pg) transition temperature which suggest an increase in structural disorder. This was
explained for the static 'H SSNMR for the alkyl chain peak intensity which showed a
decrease in alkyl chain mobility for increasing levels of CaCl,, as an increase in
fluctuating pressure restricting the alky chains interaction. Therefore, the fluctuations are
across the bilayers from the unison of individual amphiphiles fluctuating together instead

of against each other which increases in amplitude with increasing CacCl; levels.

The results given by static '"H SSNMR showed that the effects upon FT result in a more
“gel-like” environment and by comparing these results with that of the SAXS shows, the
structure given after FT is that of a fully hydrated gel. So, the effects upon FT may also
increase the rate of the gel->coagel transition, based on the resultant structure of the

bilayers after FT.
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6. The Effects of Chemical Additives on the

Behaviour Upon Freeze-Thawing

6.1. Overview

The phase behaviour of DODAC aqueous solutions were assessed at room temperature
with varying levels of glycerol or a non-ionic alcohol ethoxylate surfactant of C12.14(EO)10o
(CAE10), added to the system. In the previous chapter, the effects upon FT resulted in
the temperature shift of the Lq>Lg (or Pg) phase transition by ~4.0 °C, which was met
with a second gel transition at ~31 °C for an aqueous DODAC solution containing 0.085
wt% CaClz, where the presence of CaCl, seem to limit the changes upon FT. This
behaviour of the DSC thermographs for 8 wt% DODAC in an aqueous solution containing
0.085 wt% CaCl, was compared for increasing levels of the chemical additives which
were expressed as decreasing hydration levels, for comparison. As the hydration levels
decrease, the enthalpy of the gel->gel’ transitions at ~31 °C increases from 27 to 136
Jmol™" as the enthalpy of Lo~>gel transitions at ~35 °C trends to zero giving a single gel

transition at ~31 °C.

The self-diffusion of water was measured through methods described in section 2.2.8,
for increasing levels of glycerol (0-7.5 wt%) and CAE10 (0-5.0 wt%) added to the DODAC
solution. The self-diffusion of water was measured for bulk, interlamellar a core water in
the multilamellar system, where the diffusion rate of bulk water decreased by 51 and 56
% upon the addition of 1.25 wt% glycerol and 0.6 wt% CAE10, respectively, then
remained constant with increasing levels of both chemical additives. The effects of FT
resulted in a general decrease in the self-diffusion of bulk water, where the differences
in the self-diffusion before and after FT, decreased with increasing levels of both

chemical additives.
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The SAXS patterns of the DODAC solution shows structural differences in the lamellar
phase at 25 °C for increasing levels of glycerol and CAE10, where the bilayers separation
increases by 11 % for a 0-7.5 wt% increase in glycerol and a lateral phase separation
causing a 71 % increase in the bilayer separation for 1.4 wt% CAE10, then a vesicle to
fragmented vesicle/extended bilayer transition for a DODAC solution containing 5 wt%

CAE10.

6.2. Introduction
The effects upon FT on amphiphiles in solution has a high importance for the behaviour
of lipid membranes and surfactant solutions upon environmental stresses during
transportation and storage. The mechanism for freezing a cell membrane has been
extensively reviewed by Steponkus et. al.'”*75, outlining the changes to the bilayers
upon freezing which was illustrated in figure 1.9, showing the freezing impact on a
multilamellar vesicle due to a build-up of osmotic stress from ice formation in the bulk
water phase'’®. This osmotic stress can cause dehydration of vesicles, where the degree
of dehydration depends on the levels of hydration before freezing, and a disruption of
the bilayers from an influx of water or lack of osmotic responsiveness, upon thawing (see
section 1.7.1). These effects upon FT depends on the rate of freezing and thawing, which
can lead to disruption of a lamellar phase and mixing of monomer units or fusion/fission

of vesicles'7:178,

In this chapter, the effects upon glycerol and CAE10 addition to the DODAC solution is
discussed for the changes to the DODAC vesicle structure, before and after FT and to
determine the role of glycerol and CAE10 in protection against the structural changes of
the DODAC solution upon FT. Glycerol was investigated in this study for its

cryoprotectant behaviour on lipid bilayers, where it's known to protect against osmotic

95



stress induced changes to the lipid structure by decreasing the chemical potential of
water through preferential binding with the lipid bilayer or acting as a water replacement

between the bilayers'79180.181,

The behaviour of CAE10 on the DODAC solution was investigated for its ability to
increase the “wettability” of the DODAC solution, which is a property that depends on the
time dependent surface and interfacial tensions of the DODAC solution, where an
increase in “wettability” is given by surfactant solutions with small surface tensions82183,
This property of increased “wettability” is generally given by low surfactant
concentrations above the critical micellar concentration (CMC)'*. The importance in
“wettability” lies in the function of liquid fabric enhancers which this DODAC system
models (see section 1.7.2). Derivatives of ethoxylated alcohols such as lipids substituted
with polyethylene glycol (PEG), where the PEG group is covalently bonded to the lipid
“head” group increasing its surface area, are used in lipid mixtures to increase interaction
between the polymer group and the vesicle surface which dehydrates the vesicle surface
and decreases the permeability of the bilayer'®-186.187 which could protect the vesicles

against dehydration effects upon freezing.

6.3. Results

6.3.1. Characterising the DODAC Aqueous Solution
The phase was assessed at room temperature (~20 °C), under crossed polarised light
(figure 6.1(ii)), showing the presence of “Maltese crosses” which is characteristic of the
anisotropic liquid crystalline lamellar phase (see section 2.3.2) and for all DODAC
mixtures in this study (see appendix, figures A6.1-A6.9). This discrete shape shown
(figure 6.1b), is typical of a vesicle structure under crossed polarised light, where the

node of these discrete shapes represents the isotropic aqueous core'®. The
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polydispersity of the DODAC solution is expressed in figure 6.1a(i), showing larger

vesicles (= 50 um) and vesicles a fraction of the that size (<= 5 um), visible in the image.

50 um

Figure 6.1. Polarised light microscopy images for DODAC aqueous solution containing (a) no
glycerol or CAE10, (b) 1.4 wt% CAE10 and (c) 7.5 wt% glycerol, at ~20 °C. For (i) bright-field and
(ii) crossed polarised light images. The bars represent a scale of 50 ym and in c(i) the white
arrows indicate some changes to the vesicle shape and the back arrow indicate vesicle budding.

Crossed polarised image pictures “Maltese crosses” which represents a lamellar phase.
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There are small changes to the morphology of the vesicles (indicated by the white and
the black arrows in figure 6.1c(i)) for a DODAC sample containing glycerol (7.5 wt%)
which could indicate increased flexibility in the vesicle structure or a non-equilibrium
solution. The latter may be true based on the vesicle budding (shown by black arrows in
figure 6.1c(i)) which may be the result of vesicle fusion or fission. The sample texture for
a DODAC solution containing CAE10 (1.4 wt%) (figure 6.1b) compared to the DODAC
solution with no CAE10 (figure 6.1a) are different, where figure 6.1b appears to be more
vesicle dense than figure 6.1a and 6.1c, but the differences in the sample texture could

be due to the fraction of sample collected for imaging.
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Figure 6.2. Shows DSC scans for (i) heating and (ii) cooling between temperatures 70 and -40 °C

at a rate of 10 °C/min. This is a typical result for various DODAC levels in aqueous solution (see

appendix, figures A6.10-A6.12), where the gel to fluid (g—>f) and fluid to gel (g<f) transition are

the chain transitions of DODAC and the water exo- and endo- isotherms for the gel to crystal

transition (c<g) and crystal to gel transition (c>g), respectively.
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Figure 6.3. Shows thermographs centred at the (a) gel->fluid (g—>f) and (b) fluid>gel (g<f)
transitions for heating and cooling cycles, respectively, of the DODAC (8 wt %) aqueous solution
shown in figure 6.2, but with a shorter temperature range of 65 to -25 °C, results are the same for
both experiments. The thermal cycle is shown (c) which started at 25 °C and the sample was
heated to 65 °C, where the first heating transition a(i) took place and the temperature was cycled

from 65 to -25 °C at 10 °Cmin-', where the transitions shown in (a) and (b) are indicated in (c).
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The thermographs in figure 6.2, show large endo (c>g) and exo (c<g) isotherms of the
aqueous phase for ice melting and forming, respectively, and smaller endo (g—>f) and
exo (g<f) isotherms are for DODAC chain melting and forming, respectively. The
temperatures of chain transitions for DODAC takes place at ~38 °C upon heating and
~31 °C upon cooling, where there is a 7.0 °C hysteresis between the heating and cooling
transitions which is consistent for other DODAC aqueous solutions'®152 As mentioned
in section 2.4.2, the chain transitions are significant to the properties of the DODAC
bilayers because it's a direct measurement of the thermotropic behaviour of DODAC
since the chain transitions are the energy changes between the different conformations

within the gel phase.
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Figure 6.4. Shows the second cooling cycle, after FT for DODAC levels of; (i) 5, (ii) 8, (iii) 10, (iv)
11, (v) 12 and (vi) 14 wt%, showing the f->g and g—->g’ transitions. All samples were hydrated in

an aqueous solution of 0.085 wt% CaClz.
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The heating and cooling thermographs are shown (figure 6.3a and b) for the DODAC
chain transitions of gel>fluid (g—=>f) and fluid->gel (g<f), respectively. As seen in figure
6.3a, the heating cycles are consistent across the three cycles, showing no changes to
the number of transitions and little changes to the transition temperature with variations
smaller than the accuracy of the results (£ 5.0 °C). So, the g—>f transitions of 8 wt%
DODAC in an aqueous solution of 0.085 wt% CaCl, remain constant at ~37 °C across

the three heating cycles.

6.3.2. The Effects of Chemical Additives

The significance of a second cooling cycle for the DODAC aqueous solutions, where a
second transition of a g—=>g’ at ~31 °C was introduced (see figures 5.2 & 6.3b), is
consistent for varying DODAC levels of 5, 8, 10, 11, 12 and 14 wt% (see figure 6.4). This
behaviour is also consistent for DODAC solutions containing glycerol and CAE10 (see
appendix, figure A6.13), but at glycerol levels of 7.5 wt% and CAE10 levels of 5 wt% only

one transition exists after FT, at ~31 °C (figure A6.13).

For increasing levels of DODAC, there is a visible increase in the amplitude of the g>¢g’
transition peak (figure 6.4), where the area under the transition peak is equal to the
energy of the transition (see section 2.4.2). Thus, the enthalpies of the f>g and g>¢g’
transitions were plotted for DODAC solutions with DODAC levels between 5-14 wt%
(figure 6.5a), and a solution of 8 wt% DODAC containing glycerol levels between 0-7.5
wt% and CAE10 levels between 0-5 wt% (figure 6.5b), where the DODAC level is kept
constant at 8 wt% and the levels of chemical additives replaced the levels of aqueous
solution. Therefore, the f>g and g—=>g’ transition enthalpies were compared for varying

levels of hydration which was between 95-84.5 wt% aqueous solution (figure 6.5).
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Figure 6.5. Shows the average enthalpy of the second cooling transitions (f>g and g—>g’) taken
by the area under the transition peak at ~31 and ~35 °C for decreasing levels of aqueous solution,
based on (a) increasing DODAC levels (figure 6.4), and (b) increasing levels of CAE10 and
glycerol (see appendix, figures A6.13). (a) shows (e) f>g and (o) g—>g’ transition for varying
DODAC levels between 5-14 wt% expressed as aqueous solution levels between 95-86 wt%. (b)
shows 8 wt% DODAC with the addition of; non-ionic surfactant (m) f>g and (o) g=>4g’, and glycerol
(A)f>gand (A)g—>g’. The error bars were determined by the standard deviation of the calculated

peak height and a linear line was fitted to group all f>g and g—>g’ phase transitions.

There is a general increase in the g—>g’ transition enthalpy for decreasing levels of
aqueous solution, as the f->g transition enthalpy trends to zero (figure 6.5). This
behaviour of the DODAC cooling transition has not been reported, where most reports
of aqueous DODAC thermographs are of the narrow temperature range for the chain
melting transition (g=>f)'®° or for heating thermographs only "' or have not undergone
freezing cycles'9%19, Though, Liu et. al.**® reported an increase in the sonicated DODAC
vesicles viscosity (as mentioned in section 4.2) after freezing for samples containing no
CaClz, where the g—>f transition remains the same before and after freezing and there is
a hysteresis between the heating and cooling transitions for after freezing and not
before'®*. This reported behaviour was explained for the similarities between the heating

transitions before and after freezing and not for the differences upon cooling, where the
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similarities in the heating transition was suggested to be due to a decrease in the local

concentration of the viscous sample upon heating.

The f>g and g—->g’ enthalpy trends are fitted to a linear line (figure 6.5), where the f>g
transition enthalpy follows a linear trend of -1.10 (x 0.33) and -2.97 (+ 0.50) for the
change in enthalpy per wt% of aqueous solution of a DODAC solution containing no
chemical additives (figure 6.5a) and one containing chemical additives (figure 6.5b),
respectively. For a DODAC solution containing no chemical additives (figure 6.5a), the
rate which the f->g transition trends to 0 is slower by more than half of that for a DODAC
solution containing chemical additives. This behaviour is the reason why a sample
containing no chemical additives continue to have two “gel” transitions after FT at an
aqueous solution level of 86 wt%, where a sample containing no chemical additives show

one “gel” transition at an aqueous solution level of 87 wt% and below.

For a DODAC aqueous system containing chemical additives (figure 6.5b), the enthalpy
of the f>g transition at ~35 °C is zero giving only the g—>g’ which is now the f->g transition
at ~31 °C, when the aqueous solution level is 87.0 wt% and 84.5 wt% for a system
containing CAE10 and glycerol, respectively. Thus, the interactions between the DODAC
bilayers and CAE10 has a more stabilising effect on the changes to the DODAC bilayers
after FT, compared to the behaviour of glycerol on the DODAC bilayers. So, CAE10 may
have a greater ability to decrease the permeability of the bilayers and increase the

interactions between amphiphiles within the bilayers.

The behaviour of CAE10 derivatives were reported by Feitosa et. al., for the addition of
C12(EO)n (n =5, 7, & 8) to a DODAC aqueous solution showing an increase in bilayer
solubility for decreasing n, where the addition of C12(EO), causes swelling of the DODAC

bilayers which then result in disruption of the bilayers to form mixed micelles, as the
103



C12(EO)/DODAC ratio increases from 0-5.1 (for n = 8)'%. Therefore, CAE10 which has
n = 10, will cause an increase in the bilayer separation as it solubilises into the bilayer,
but may not result in a vesicle->micelle transition because the CAE10/DODAC ratio is
kept below 1 and the bilayer swelling is due to steric repulsion (see section 1.5.4) of the

large ethoxylated alcohol “head” group.

Conversely, based on previous reports that were mentioned earlier (section 6.2), glycerol
will either dissolve into the aqueous phase and act as a water replacement or have
preferential binding to the DODAC bilayers which will both result in swelling of the
DODAC bilayers (see table 6.1). However, the interaction of CAE10 with the DODAC
bilayer has a greater influence on the bilayer stability upon freezing which is the reason
why the f->g transition enthalpy trends to zero fasters for CAE10 compared to glycerol

(figure 6.5b).

6.3.3. The Effects of Glycerol on the Bilayers
The diffusion coefficient of water in the DODAC aqueous solutions were measured
through methods described in section 2.2.8, using diffusion ordered spectroscopy at 25
°C. The measurements gave three separate diffusion coefficients corresponding to three
different water environments; bulk, core and interlamellar water'®. The diffusion

coefficients were plotted for increasing levels of glycerol from 0-7.5 wt% (figure 6.6).

For an aqueous DODAC solution containing 1.25 wt% glycerol, the rate of diffusion for
bulk water deceases by 51 % from a DODAC system containing no glycerol (bulk
diffusion rate of 13.9 x 10" m?s™") and the bulk diffusion rate remains constant at ~7 x
101° m?s™ for systems containing higher levels glycerol (figure 6.6a). After FT (figure
6.6b), there is a general decrease in rate of diffusion, shown by a decrease in the bulk

water diffusion from 13.9 to 5.56 x 10" m?s™' at 0 wt% glycerol between figures 6.6 (a)
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and (b), respectively. The differences between the diffusion coefficient before and after
FT, decreases by 59, 65, 47 and 38 % with increasing glycerol levels of 1.25, 2.5, 5 and
7.5 wt%, respectively. So, generally there are smaller differences between the DODAC

system before and after FT with increasing glycerol levels.
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Figure 6.6. Shows the change in the diffusion rate for DODAC solutions containing increasing
levels of glycerol, (a) before and (b) after FT. The diffusion rate is shown at 25 °C for; A bulk, o

core and m interlamellar water.

The SAXS and WAXS d-spacings are given (table 6.1) for increasing levels of glycerol
at 25 °C and shows an 11 % increase in the SAXS d-spacing with the addition of 2.5 wt%
glycerol. This swelling in the lamellar bilayer has been reported to be the cause of
decreasing attractive Van der Waals’ forces between the bilayers from an increase in
repulsion as the glycerol concentration in the aqueous phase increases'®”'%, Therefore,
the decrease in the bulk water diffusion coefficient between a DODAC solution containing
0 to one containing 1.25 wt% glycerol (figure 6.6a), is the result of increasing repulsion
between the DODAC bilayers forming swollen bilayers of a hydrated lamellar gel phase
as well as the replacement of bulk water with glycerol. Furthermore, the constant WAXS

gel d-spacings (table 6.1), show that there are no changes to the gel phase arrangement
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from the addition of glycerol. This suggests that glycerol does not interact with the

DODAC bilayers.

Glycerol Levels/ | Lamellar repeat d-spacing/ A Width/ 1 x 10°A
wit% unit/ A
0 144 4.10 3.5
25 160 4.10 3.7
5.0 164 4.10 3.2
7.5 164 4.10 3.4

Table 6.1. Shows the lamellar repeat unit given by the SAXS d-spacing (accuracy of SAXS
lamellar fit, + 5 A) and the WAXS gel peak width and d-spacing at 25 °C, where the WAXS d-
spacing remains constant to 3 significant figures (accuracy of WAXS gaussian fit, + 1 x 103 A).
The “normal” width for an Lg phase of this DODAC system at 25 °C is ~2.2 x 103 A (see figure
4.6). The width matches that of a Lg phase (accuracy of the WAXS width gaussian fitting is + 2 x

104 A).

6.3.4. The Effects of CAE10 on the Bilayers
The diffusion rate of water was measured for the aqueous DODAC (8 wt%) solutions
containing increasing CAE10 levels of 0-5 wt%, at 25 °C (figure 6.7). For a DODAC
solution containing 0.60 wt% CAE10, the bulk water diffusion rate decreases to 6.17 x
10" m?s" from a DODAC solution containing no CAE10, 13.9 x 101 m2s™ (figure 6.7a).
The behaviour of the bulk water diffusion rate before and after FT follows a similar trend
to that of a DODAC solution containing glycerol (see figure 6.6), where there is a general
decrease in the bulk water diffusion rate between figures 6.7(a) and (b). This behaviour
is shown through a decrease in the bulk water diffusion of 60, 44 and 54 % for increasing

CAE10 levels of 0, 0.6 and 1.4 wt%, respectively.
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However, for DODAC solutions containing CAE10 levels of 1.0 and 5.0 wt% there is an
78 and 28 % increase in the bulk water diffusion rate, respectively, between figures 6.7(a)
and (b). The difference between the FT behaviour of DODAC solutions containing 0.6
and 1.0 wt% CAE10 suggests that the stability of the DODAC bilayers are different
between the two CAE10 levels and that the structure of the bilayers may also be different.
Therefore, the difference between the FT behaviour of DODAC solutions containing 1.4
and 5 wt% CAE10 may be due to a new trend for a different bilayers arrangement, but

there are no data points between the two systems to verify this hypothesis.
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Figure 6.7. Shows the diffusion rate at 25 °C for; A bulk, o core and m interlamellar water. For

DODAC solutions containing increasing levels of CAE10 (a) before and (b) after FT.

The integrated SAXS patterns were compared for aqueous DODAC solution containing
increasing CAE10 levels of 0-5 wt% (figure 6.8), which shows a phase transition from a
lamellar vesicle to extended lamellar bilayers. This transition is given by the
transformation of the integrated SAXS patterns from board to sharp peaks which is due
to increasing in lateral order from the transition between spherical to planar bilayers (see

section 2.5).
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The spherical->planar bilayer transition takes place for an aqueous DODAC (8 wt%)
solution containing 1.4 wt% CAE10. As mentioned earlier (section 6.2), the addition of
CAE10 could result in a vesicle>micelle transition for a CAE10/DODAC ratio > 5.1,
where the vesicle->micelle transition is reported by Lopez et. al.’®® and Silvander et. al.?®
to be the result of increasing micellar domains which causes holes in the vesicle structure

forming bilayer fragments, following the transition of vesicles>bilayer-

fragments—>micelles.
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Figure 6.8. Shows the integrated SAXS patterns of an aqueous DODAC solution containing
CAE10 levels of 0, 0.6, 1.0, 1.4 and 5.0 wt%, where the board peaks at 0, 0.6 and 1.0 wt% CAE10
are due to a lamellar vesicle phase and at 1.4 wt% CAE10, a vesicle to fragmented vesicle
transition takes place then at 5 wt% CAE10, lamellar bilayers or bilayer fragments are formed.

The sharp peaks are given by the increase in lateral order from spherical to planar bilayers

transition.

108



For an aqueous DODAC solution containing CAE10, the SAXS d-spacing increases from
123 to 233 A between CAE10 levels 1.0 and 1.4 wt%, respectively (table 6.2). This
swelling of the bilayers was mentioned earlier as the incorporation of CAE10 to the
DODAC bilayers causing a steric repulsion (see section 1.5.4) between the large
ethoxylated alcohol “head” groups and reported by Barreleiro et. al. to also be the result
of Ci2Es incorporation into the DODAC bilayers®'. The vesicle->fragmented-bilayers
transition is driven by the large ethoxylated alcohol “head” group of CAE10 which
promotes positive curvature in the DODAC system?°2, where a vesicle structure contains
both negative and positive curvature, so increasing levels of CAE10 will decrease the

degree of negative curvature creating holes in the bilayers?®,

CAE10 Levels/ wt% Lamellar repeat Gel peak d- Width/ 1 x 10-°A
unit/ A spacing/ A
0 136 4.10 3.6
0.6 134 415 2.7
1.0 123 415 2.7
1.4 233 4.16 24
5.0 142 417 2.0

Table 6.2. Shows the lamellar repeat unit given by the SAXS d-spacings (in figure 6.8) and the
WAXS gel peak width (accuracy of the WAXS width gaussian fitting is + 2 x 104 A) and d-spacing

(accuracy of the WAXS gaussian fit, + 1 x 103 A). Showing the spherical->planar bilayers
transition by the increase in the SAXS d-spacing (accuracy of SAXS lamellar fit, + 5 A) at 1.4 wt%

of CAE10.

As mentioned, for a DODAC solution containing 1.0 wt% of CAE10, the bulk water
diffusion rate increases by 78 % after FT (figure 6.7). This behaviour was suggested to
be due to differences in the DODAC bilayer stability between DODAC systems

containing 0.6 and 1.0 wt% CAE10. In comparison to table 6.2, the d-spacing between
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CAE10 levels of 1.0 and 1.4 wt% shows a 90 % increase due to incorporation of CAE10
into the DODAC bilayers. Therefore, the difference in the FT behaviour of DODAC
systems containing 0.6 and 1.0 wt% CAE10 is due to FT mixing of the CAE10 and
DODAC surfactants which promotes the CAE10 incorporation into the DODAC bilayers
and forms holes in the bilayers. So, the FT mixing of a DODAC mixture containing 1.4
wt% may result in planar bilayers or a mixed micellar solution giving a new trend for the
bulk diffusion rate after FT (figure 6.7b). Also, no bilayer fragments are formed before FT
because the difference in bulk diffusion rate (see figure 6.7) between the binary
spherical/planar bilayer solution (at 1.4 wt% CAE10, before FT) is 100 % lower than the

fragmented bilayers solution (at 1.0 wt% CAE10, after FT).

6.4. Conclusion

Increasing levels of glycerol or CAE10 has similar effects on the bulk water diffusion rate
in the DODAC aqueous solution, before and after FT (figure 6.6 and 6.7) due to the
replacement of aqueous solution and the similar behaviour of increasing DODAC bilayer
separation for increasing levels of glycerol and CAE10. However, the latter is given by
different mechanisms for the addition of glycerol and CAE10 to the DODAC vesicles.
The addition of CAE10 causes a lateral separation of the DODAC bilayers from
increasing micellar domains upon CAE10 which causes the DODAC bilayers to transition
from spherical to planar bilayers or a mixed micellar solution, where the outcome can be

determined from SAXS results after FT.

However, swelling of the DODAC lamellar phase due to addition of glycerol is the result
of glycerol dissolving into the aqueous phase and acting as a water replacement which
increases solvent repulsion between the bilayers. The addition of CAE10 has a greater
influence on the DODAC bilayers stability which was shown by the enthalpy of the f>g

transition (figure 6.5b) trending to zero faster than a DODAC solution containing glycerol.
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The behaviour upon FT was shown in figure 6.6 (for glycerol) and 6.7 (for CAE10) to
have smaller differences in the bulk water diffusion rate between the DODAC system
before and after FT. This difference in the bulk water diffusion rate, when small, is
suggested to have less structural changes upon FT, where after FT there is an increase
in the bilayer separation (see figures 4.2, 4.4 and 5.4). Although there are less changes
after FT, the DODAC bilayers had to undergo certain structural changes before FT to
withstand the effects upon FT, where the DODAC solutions containing 5 wt% CAE10
caused a lateral phase transition and 7.5 wt% glycerol resulted in dehydrated bilayers
from glycerol replacement which increased the bilayers separation. Also, both chemical
additives resulted in a decreased bulk water diffusion rate which is not ideal for LFE’s

(see section 1.7.2).
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7. Effects of Preparation Technique on the Phase

behaviour of a DODAC Solution

7.1. Overview
Experimental preparation techniques, such as extrusion and sonication, were compared
for the effects upon FT on the aqueous DODAC solutions through the changes to the
bilayer properties, given by the second cooling thermographs (see figures 5.2 & 6.3),
and by the diffusion rate of water in the aqueous DODAC solutions. The comparison was
made for the differences between probe vs bath sonication, and for various extrusion
membrane pore sizes of 1, 0.8, 0.4, 0.2 and 0.05 pm. The bulk water diffusion rate
increases from 7.33 to 16.6 x 107'° m?s™' with a decrease in membrane pore size from 1
to 0.05 um, respectively, for DODAC solutions that were extruded. Also, the bulk water
diffusion rate for a membrane pore size of 0.05 ym (16.6 x 10" m?s™), closely matched

that of a DODAC solution that was bath sonicated (14.1 x 107" m?s™").

The DODAC solutions prepared by bath and probe sonication yielded small unilamellar
vesicles and gave the same shift from ~31 to 35 °C, of the Lo—>gel transition temperature
as a DODAC solution containing no CaCl; (see figure 5.2b(iii)) during the second cooling
cycle in the DSC thermographs. However, the DODAC solution prepared by probe
sonication resulted in a two-phase system of an aqueous DODAC solution and
dehydrated DODAC crystals. The temperature shift of the Lo—>gel transition given by the
second cooling thermographs favoured small unilamellar vesicles, where the changes to
the bilayers properties were accelerated by small unilamellar vesicles prepared by
sonication and extrusion. This behaviour is also shown through the 'H NMR alkyl peak

height, where the differences in the relative alkyl peak height between before and after
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FT is greater for a membrane pore size of 0.05 um compared to 0.8 um which is given

by a decrease of 42 and 6 %, respectively.

7.2. Introduction
As mentioned in section 1.6, both sonication and extrusion can be used to increase the
monodispersity and unilamellarity of a polydisperse vesicular solutions. Extrusion is used
to control the size of the vesicles and create unilamellar vesicles by passing a vesicular
solution through the porous membrane multiple times. This process is mostly preformed
above the chain melting transition temperature to decrease the local viscosity of the
bilayers. Some studies on extrusion show that the minimum extrusion pressure through
a specific membrane pore size increases with the viscosity of the solution and the
minimum pressure, where extrusion is achieved, depends on the lysis tension of the
bilayers and not the bending modulus. Also, the size of the vesicles depends on the
extrusion pressure?®42%, Therefore, the size of the vesicles is not completely dependent
on the membrane pore size, where the vesicles can sometimes be slightly larger as well
as smaller than the membrane pores?®. So, extrusion through a specific membrane pore

size can yield vesicles with diameters similar to the membrane pore size.

Sonication causes aggregation through ultrasonic sound waves. These sound waves
can be exposed to a polydisperse vesicular solution through the sample container in a
water bath or by direct contact between a probe and the surfactant solution. Direct
exposure from probe sonication can cause an increase in thermal energy of the vesicular
solution and has been reported to result in structural defects of the vesicular system or
metal deposits from the probe into the sample. These defects can be reduced by
prolonged cooling of the solution or a cool water bath during sonication?%7208209 Thys,
only short intervals of ultrasonic waves are exposed over a short period. Comparatively,

bath sonication is completed over longer time periods and there is greater control on the
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temperature of the vesicular solution due to indirect exposure of the sound waves and a

temperature-controlled water bath?'°,

The similarities between sonication and extrusion were reported by Lapinski et. al. to be
directly comparable despite the differences in the average size and size distribution, the
arrangement of the bilayers did not depend on how they were formed but on the
interactions between the constituents that form the bilayers?''. The properties of the
monodisperse unilamellar DODAC and DODAB vesicles were reported by Feitosa et. al.
to have a decrease in the chain melting transition temperatures with decreasing vesicles
sizes which were achieved by sonication or extrusion, suggesting that the chain melting
transition depends on curvature, where the effects of both preparation techniques on the
bilayers are the same?'2. Therefore, DODAC solutions that are sonicated or extruded will

give the same properties for the DODAC bilayers.

7.3. Results

7.3.1. Sonication Preparation
The aqueous DODAC solution was prepared by the addition of an aqueous CacCl, (0.085
wt%) solution to solid DODAC and sonicated until the DODAC dissolved and the solution
was clear. The bath sonicated samples were sonicated in an Elmasonic P 30 H (Elma
Schmidbauer GmbH) at a power of 80 kHz, in a hot water bath of 60 °C for 1.0-2.5 hrs.
Conversely, the probe sonicated sample was sonicated in a Sonics vibra cell VCX500
(Sonics & Materials) at a power of 20 kHz (x 50 Hz) for 10-15 mins on a pulse program
of 1s exposure with 1 s wait intervals. The probe sonicated sample was equipped with a
temperature probe which showed a 10 °C increase in temperature after 5 mins and

during the sonication period the temperature of the sample reached 76 °C.
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Sample Diffusion at 25 °C Diffusion at 5.0 °C

(x 10 “1° m?/s) (x 10 “1° m?/s)

Bulk Core Interlamellar | Bulk Core Interlamellar

DODAC solution 13.9 202 0.02 8.41 1.00 -

FT 556 1.26 0.05 447 093 -

Table 7.1. Shows the diffusion rate of water for the aqueous DODAC solution prepared by
DODAC hydration at 65 °C (as described in section 2.1.1). The table shows the diffusion rate
(methods described in section 2.2.8) for bulk, interlamellar and core water at 25 and 5.0 °C, for

before and after FT. The diffusion rate of interlamellar water at 5.0 °C was too slow to record.

7.3.2. Effect of Sonication
Bath and probe sonication were compared with a non-sonicated sample prepared by
DODAC hydration at 65 °C (as described in section 2.1.1) which was stirred until the
DODAC dissolved to form a white opaque solution. The self-diffusion of the different
water environments in the aqueous DODAC solution was measured for the different
preparation techniques (table 7.2). For non-sonicated samples, there were three different
diffusion rates for the three different water environments; bulk, interlamellar and core
water (table 7.1). Comparatively, the unilamellar vesicles formed from sonication had

only two water environments, denoted as bulk and core water in table 7.2.

The diffusion rate of bulk water is faster for a sonicated sample compared to that of a
non-sonicated sample (comparison between tables 7.1 & 7.2) by 1 and 17 % for bath
and probe sonicated solutions, respectively. This increase in the bulk water diffusion rate

is due to the small unilamellar vesicles which result in a decrease in viscosity of the
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vesicular solution?'® and is also shown by the bulk water diffusion rates of a DODAC
solutions extruded through a membrane pore size of 0.05 um (16.6 x 10-'° m?s™, figure
7.4) which closely matches that of the CaCl, aqueous solution (19.1 x 107" m?s™, table
7.3). After FT, the number of water environments decreases for a solution that has been
bath sonicated and probe sonicated then extruded. This suggests that sonication leads
to spherical>planar bilayers phase transition upon FT. Thus, non-sonicated samples

are more robust to the effects upon FT.

Preparation Techniques Diffusion Diffusion after FT
(x 10 '° m?/s) (x 10 ' m?/s)
Water Environment Bulk Core Bulk Core
Bath Sonication 141 2.23 5.34 n/a
Probe Sonication 16.2 2.16 10.5 1.16
Probe Sonication/Extrusion 18.0 5.41 7.38 n/a

Table 7.2. Lists the diffusion rates for the different types of preparation. Both bath and probe
sonication result in the formation of unilamellar vesicles, having only bulk and core water
environments. Samples that were bath sonicated, and probe sonicated followed by extrusion

through a 1 ym membrane, were reduced to a single water environment after FT.

Probe sonication lead to the same number of water environments for before and after
FT, but after extrusion through a 1 pym porous membrane the number of water
environments reduced to one after FT (table 7.2). The general vesicle size for probe-
sonicated DODAC solutions were reported to have a maximum size of 80 nm?'4215216
so presumably the size distribution of the probe-sonicated sample was not affected by
extrusion through a 1 ym pore size. Furthermore, the polarised light images indicated

some isotropic fragments on the micron scale, which was suggested to be dehydrated

116



DODAC crystals (see appendix, figure A7.1). Therefore, the extrusion removed the

dehydrated DODAC crystals formed from probe sonication?'”.
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Figure 7.2. Shows thermographs for the (i) third, (ii) second and (iii) first cooling cycles. (a) is the

result for a sample that has been sonicated in a water bath at 60 °C for 2.5 hrs, (b) is the result

for a sample that was probe sonication with intervals of 1 s sonication and 1 s wait for 10-15 mins
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and (c) is the result for a DODAC sample that was hydrated with a CaClz2 aqueous solution at 65

°C (normal vesicle preparation, see section 2.1.1).

The differences between the number of water environments before and after FT for a
DODAC solution that was probe sonication and probe sonication with extrusion, supports
the presence of bilayer fragments or dehydrated DODAC crystals. Since the number of
water environments after FT decreases when the probe sonicated sample is extruded
(table 7.2). Also, for a probe sonicated sample, the presence of two water environments
with a decreased diffusion rates by 35 and 46 % after FT, for bulk and core water,
respectively, could be the result of larger unilamellar vesicles formed by mixing of the

bilayer fragments/dehydrated crystals in the aqueous vesicular solution upon FT.

Sample Diffusion at 25 °C Diffusion at 5.0 °C
(x 10 '° m?%/s) (x 10 '° m?%/s)

H:O! 23.0 13.1

D.0/CaCl," 19.1 10.8

Table 7.3. Shows the diffusion rates for free water compared the that of a CaCl:2 solution in D20
for temperatures at 25 and 5.0 °C. (i) values taken from M. Holz et. al.2'8 and (ii) values measured
in these studies for CaCl2 levels the same as the DODAC aqueous solution, 0.085 wt% CacCl-.
The lower diffusion rate of D2O/CaClz compared to H20 is expected due to reports by McCall et.

al.?'% which shows that CaClz lowers water activity.

The cooling thermographs were compared between 36-26 °C for sonicated samples and
non-sonicated samples (figure 7.2). The fluid>gel cooling transition is broader for
sonicated samples compared to the non-sonicated sample, where the broader transition

could be due to the bilayer fragments/dehydrated DODAC crystals form during sonication
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or two populations of vesicles sizes which was suggested earlier that the chain transition
can depend on the size of the vesicles??°. The latter is probably the reason for the results

given by the bath sonicated sample before FT (figure 7.2a(iii)).

After FT (ie second cooling cycle (i)), for a non-sonicated sample (figure 7.2c), there is a
second metastable gel phase upon cooling and the fluid->gel transition temperature
increases from 30 to 34 °C (general behaviour seen in figures 5.2b & 6.3b). However,
the thermographs of the sonicated samples after FT (figure 7.2a & b (i)) behaves similar
to a non-sonicated sample extruded through a 50 nm pore (figure 7.4(i)), where the

fluid>gel transition temperature shifts to ~34 °C and gives only one gel transition.

7.3.3. Extrusion Preparation
The DODAC aqueous solution was extruded through a polycarbonate membrane with
pore sizes; 1, 0.8, 0.4, 0.2 and 0.05 pm. The extrusion was done manually with a 1000
Ml syringe Avanti mini-extruder equipped with an Avanti heating block holder. A bulk
surfactant solution was prepared by surfactant hydration at 65 °C (as described in section
2.1.1) which was then extruded by passing the solution through the polycarbonate
membrane 15 times at 65 °C. The white opaque aqueous DODAC solution increased in
clarity when extruding with decreasing membrane pore size, where the solution was

completely clear for pore sizes 0.2 and 0.05 pm.

7.3.4. Effects of Vesicle Size
The diffusion rate of water in the aqueous DODAC solution was measured for increasing
membrane pore sizes (figure 7.3). As mentioned, extrusion generally results in the
formation of unilamellar vesicles, though the output of the DOSY experiment best fitted

to a three-component curve (through methods described in section 2.2.7) for all pore
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sizes, except for membrane pore sizes; 0.2 and 0.05 pm. The bulk water diffusion
increases with decreasing membrane pore size which is predicted from the decreased

viscosity of the aqueous DODAC solution due to the increase in the population of smaller

unilamellar vesicles?'3.
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Figure 7.3. Shows the diffusion rates for extruded samples through different membrane pore sizes
at 65 °C, (a) before and (b) after FT. The plot compares the extruded membrane pore size with
the diffusion rate for (A ) bulk, (o) core and (m) interlamellar water. At 0.2 and 0.05 pm, the DOSY
results showed a two-coefficient curve which suggest a vesicle population of only unilamellar
vesicles. The bulk water diffusion rate for a polydisperse sample is 13.9 x 10-'° and 5.56 x 100

mZ2s-! (see table 7.1), for before and after FT, respectively.

After FT (figure 7.3b), unilamellar vesicles are formed, which is not the case for the non-
extruded and non-sonicated sample (table 7.2). This suggest that as well as an increase
in larger vesicles there is also an increase in the formation of unilamellar vesicles from
the FT induced mixing. For a sample that was extruded through a 0.2 and 0.05 ym
membrane pore the number of water environments remain the same for before and after
FT (figure 7.3). Suggesting that these samples may still have some polydispersity and
that the decrease in water environments upon FT is dependent on the vesicle size. Thus,

the decrease in water environments for sonicated samples after FT is due to the
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formation of smaller and/or greater monodisperse vesicles compared to vesicles formed

via extrusion.
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Figure 7.4. Shows the chain transitions for the second cooling cycles of aqueous DODAC
solutions that were extruded through a membrane with a pore size; (i) 50 nm, (ii) 0.2 ym, (iii) 0.4
pm, (iv) 0.8 um, (v) 1 ym, and (vi) the polydisperse aqueous DODAC solution (prepared by

methods in section 2.1.1).

The thermographs for the second cooling transitions were compared decreasing vesicle
size (figure 7.4). The results show a decrease in the g=>g’ transition magnitude with
decreasing vesicle size, until only one gel transition existed for a sample that was
extruded through a membrane pore size of 0.2 um. Thus, for smaller size distributions of
vesicles formed by extrusion, and more monodispersity in sonication vesicles (figure 7.2a

&b), there is a shift in the chain transition temperature from ~31 to ~35 °C, after FT.
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Figure 7.5. Displays the relative alkyl peak height taken from static solid state "H NMR of the alkyl
peak height at 1.17 ppm (see figure 5.5) for the samples extruded through different membrane
pore sizes. Results are shown at 25 °C for (m) before and (x) after FT. For the polydisperse
DODAC solution (prepared via methods described in section 2.1.1), the alkyl peak height is 43000

and 47000 abs, before and after FT respectively.

The various extrusion membrane pore sizes of DODAC solutions that were extruded,
was compared at 25 °C (figure 7.5) using static solid state '"H NMR (through methods
described in section 2.2.8) for the relative intensity of alkyl peak height of the DODAC
molecules in the aggregates given at 1.17 ppm. The alkyl peak height was used in
section 5.3.3, to measure the mobility of the alkyl chains which provided a good

approximation for the macroscopic phase of the vesicular solutions.

Before FT (figure 7.5 (m)), there is a 47 % increase in the alkyl peak height for DODAC
solutions that was extruded through decreasing membrane pore sizes from 0.4 to 0.2
pm. This increase may be related to the increase in unilamellarity shown (figure 7.3a) by

the decrease in the number of water environments between the solutions prepared
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through membrane pore sizes of 0.4 and 0.2 um. Therefore, this is the point which the
vesicles go from multilamellar to unilamellar and ~0.4 um is the limiting vesicle size that
can withstand a multilamellar structure, where there is an increased curvature close to
the vesicle core as the vesicle sizes decrease. The differences in the alkyl peak height
before and after FT of 6, 13, 11 and 42 %, has a general increase for DODAC solutions
prepared with decreasing membrane pore sizes of 0.8, 0.4, 0.2 and 0.05 um,
respectively. So, the increased curvature from smaller vesicles result in larger changes

to the alkyl chain mobility upon FT.

7.4. Conclusion
There were slight differences in the properties of the vesicular solution based on the type
of preparation, where DODAC solutions that were sonication tend to form more
monodisperse unilamellar vesicles than extruded DODAC solutions which even when
unilamellarity was achieved there were still some polydispersity in the vesicle sizes.
However, the similarities in the resultant structures caused the same changes upon FT,
where the chain transition temperature increases from ~31 to ~35 °C and only one gel
transition exits at the chain transition boundary. Thus, the effects upon FT for extruded
and sonicated samples can be directly comparable, as suggested earlier. Though, this
is only true for probe sonicated samples that are followed by extrusion to remove bilayer
fragments/dehydrated DODAC crystals or metal residues and for extruded samples that
are extruded through membrane pore sizes small enough to result in a clear DODAC

solution.

These studies also support the effects upon freezing which results in a FT induced mixing
(as mentioned in sections 1.7.1 & 6.2), through the decrease in the number of water

environments for monodisperse and unilamellar vesicles and the lack of change for
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polydisperse multilamellar vesicles. Therefore, the changes upon FT are accelerated by

increasing monodispersity and unilamellarity.
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8. Conclusion

8.1. The Effects of CaClz on the FT Stability

The DSC thermographs for a DODAC aqueous solution was used to assess the changes

upon FT, through the increase in the fluid—>gel transition temperature. These changes

varied with the introduction of CaCl, into the aqueous phase of a DODAC aqueous

solution. The changes resulted in two “gel” phase transitions, where the temperature of

the gel>gel’ transition was the same as the fluid->gel transition temperature before FT,

and the fluid—>gel transition temperature increased by ~4.0 °C after FT. This suggests

that the difference between thermographs before and after the addition of CaCl., results

in a vesicle structure more robust to the effects upon FT.

Bulk water

RTTCLLLIET

-
- % i
i, .
Lo -
. O
o ", )
* *ay "
A Sonnaant
]
.
‘e,

Interlamellar
water Core water

(LT}
LLL (LX)
ot '

.
. "e o,
0das
.“ ‘....‘. "'- 4 '.'
LIL
- S S Y, f04, %, .
- o * %, .,
- L)
e LT % e
= e LR L) . -
s e s % °% -
- . Soiwe s % ]
= s e s .9 - o -
- s o . e b - S -
- T - =2 5 £ e - O -
H . =
% o te el aa s .
H N
-~ . e o : s .
. . o (] L) . &
. . o CPL L |" . . -
[ ',- 5 Toanne > ]
(3 ", % 0y -
., e, o

.
LT %
] L] -
oag, tesenntt & Interlamellar
., "o auppantr®® ‘u' water

L)
)

o,.. \
Increasing vesicle RLTTTE
size and decreasing

bilayer distance O

~_ '

""".""""'- Bulk water
(]

Leasetede ssa,, .l.-.

.tlll'on,'-:..' .,

(]

e
%
)
(]

’
s
‘l
..
*.
A
)
-
-
.
-+
E
-
s
&
5
)
.
e
o
0

Core water

L 1]
o
‘|
s
(]
MY
.
P 0g00 0000
L] L)
*oesgpnan’t

o'
"
L]
"lo...il"'

RITIITH

Wt t e,
ALY

K1 *,,

o
**r000000®

[TLLIXTY
o® '.l..
- L)
a .
)
I'.
.- i
-
- -.
.
. L)
®s,
®

(Y

»
o, "l
0, e
(TN (AT T L] 5

»
%

] .
LTI LA &

*, ..-'
“ragaanettt

Figure 8.1. Shows a cross-section of a vesicle structure for the effects of increasing DODAC and

CaCl: levels which result in an increase in vesicle size and a decrease in bilayer separation.
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In chapter 5, the increasing amount of CaCl; in the aqueous solution showed less
changes to the d-spacing trend with decreasing temperature upon FT (figure 5.4). This
was shown through the difference between the d-spacing in the L, and gel phases before
and after FT for CaCl; levels of 0.15 wt%, where the ionic effects dominate over the
effects upon FT which prevents an FT induced swelling. However, the ionic effects of the
aqueous solution that caused a zeroing potential between the positive DODAC “head”
groups, were less effective after FT at 0.085 wt% CaCl, which resulted in an increase in
the bilayers separation. This suggests that the effects upon FT is due to solvent repulsion
between the bilayers and is minimised for dehydrated bilayers because Van der Waal’s
attraction dominates in the absence of repulsion (from ionic shielding) which makes the

bilayers more robust.

The increasing effects of salt and surfactant on the DODAC system both result in a
decrease in the bilayer distance (figure 5.1). Furthermore, the increase in salt and
surfactant levels was mentioned in section 1.5.1 with reports to have increased the size
of the vesicle due to vesicle fusion or the increase in aggregation number, respectively.
Therefore, the behaviour for increasing salt levels may lead to a large vesicle with
multiple bilayers or a large vesicle with 1 or 2 bilayers and a large aqueous core (figure
8.1). The latter will cause an increase in the amount of encapsulated water and the
former will form a dehydrated vesicle structure, where both purposed structures will
decrease the effects upon freezing. So, low levels of CaCl; (i.e 0.15 wt%) will allow the

vesicle to retain some of its internal structure upon FT.

Upon thawing, there is a large influx of water into the bilayers causing an increase in the
bilayers separation, shown in figures 4.2, 4.4 & 5.4 as a general increase in the SAXS
d-spacing. This effect was mentioned in section 1.7.1 which resulted in lysis of the

bilayers before the bilayers reach their original hydration levels. Though, the hydration
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of the bilayers increases to a d-spacing greater than the d-spacing before FT and there
are no changes to the packing structure of the amphiphiles which could suggest that
there is no swelling induced lysis upon thawing. Therefore, the freezing injuries may be

a result of lateral phase separation or defects/holes within the bilayers.

8.1.1. The Effects of Repeat FT Cycles

The effects upon FT were evaluated for the repeat FT cycles of a DODAC solution
containing 8 wt% DODAC in an aqueous solution of 0.085 wt% CaCl,, showing the
stability of the bilayers separation across 11 FT cycles (table 8.1) and the stability of the
f=>g and g—->g’ transition after FT for 4 FT cycles (table 8.2). The bilayers separation
increases from 130 to 183 A after FT, where this FT induced swelling is the typical
behaviour of the DODAC bilayers. After the FT induced swelling, the separation of the
bilayers is almost constant (decreases from 183 to 190 A) after a further 10 FT cycles.
Also, there are little changes to the WAXS d-spacing between 1-5 FT cycles. Therefore,
besides the bilayers separation, the FT effects across the 11 FT cycles show little

changes to the vesicle structure.

Number of FT SAXS d-spacing WAXS d-spacing Gel Peak Width
Cycles (A) (A) (1x102A)
0 130 4.17 25
1 183 4.17 25
5 189 4.16 2.7
11 190 4.16 2.7

Table 8.1. Shows the SAXS (accuracy of the SAXS lamellar fitting is + 2 A) and WAXS (accuracy
of WAXS gaussian fit, + 1 x 10-3 A) d-spacing including the WAXS gel peak width (accuracy of
the WAXS width gaussian fitting is + 2 x 104 A) of a DODAC solution containing 8 wt% DODAC

in an aqueous solution of 0.085 wt% CaCly, for the differences in the bilayer parameters after 11
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FT cycles, where the FT cycles were done prior to the experiment by freezing in liquid nitrogen

and heated above the chain melting temperature (~37 °C).

The cooling transition temperatures for f>g and g—>g’ after FT (table 8.2), remain
constant across the 4 FT cycles and the variation in the g—=>g’ transition enthalpies show
no correlation suggesting that it the variation is due to error in the enthalpy calculations
(standard deviation for calculated enthalpies + 3 Jmol). Though, the |-=>g transition
enthalpies increases from -14 to -23 Jmol " after 3 FT cycles, suggesting that the increase
in |-=>g transition enthalpy may result in a decrease in g—>g’ transition enthalpy giving a
similar behaviour to that of a sample containing no CaCl,, where there is one transition
of f>g at ~34 °C. This behaviour of the bilayers properties may be the result of swelling
of the bilayers. Therefore, based on the SAXS and WAXS data (table 8.1), the suggested
decrease in the g—>@g’ transition enthalpy will be very slow because the d-spacing is

constant between 1-5 FT cycles (table 8.1).

Number of FT | AH 54/ Jmol™ Tisg/°C AH ¢3¢/ Jmol! T g3g/°C
Cycles
1 -14 34 -29 31
2 -18 34 -24 31
3 -23 34 -26 31
4 -23 34 -30 31

Table 8.2. Shows the enthalpy changes (accuracy of + 1 Jmol') and the temperature (accuracy
of £ 5.0 °C) of the fluid>gel (f>g) and ge>gel' (g—=>@’) transitions for 4 FT cycles, where the FT

cycles were done through the DSC temperature cycles between 70 and -40 °C.
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8.2. The Effects of Chemical Additives on the DODAC Bilayers

In chapter 6, the effects upon addition of CAE10 and glycerol to a DODAC solution
containing 8 wt% DODAC in an aqueous solution of 0.085 wt% CaCl, was discussed for
the changes to the DODAC bilayer stability before and after FT and the behaviour of the
structure of the bilayers upon CAE10 and glycerol addition before FT at 25 °C. The
stability of the bilayers was shown (figure 6.5b) by the rate which the enthalpy of the f>g
transition trends to zero, after FT. This rate is shown (figure 8.2) as a gradient of -5.74
and -3.83 for the enthalpy change per wt% of aqueous solution for a DODAC solution
containing CAE10 or glycerol, respectively. Therefore, the replacement of aqueous
solution causes the new f->g transition enthalpy to decrease and so lowers the effects
of FT on the DODAC bilayers. Also, CAE10 is more effective than glycerol at preserving

the f->g transition temperature after FT.
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Figure 8.2. Shows the mean transition enthalpies for the second f->g cooling transition at ~35 °C
from results shown in figure 6.5b. Transition enthalpies are shown for DODAC solutions
containing (o) glycerol or (m) CAE10, where both are fitted to a linear line with a gradient of -5.74
and -3.83 for the enthalpy per wt% of aqueous solution for a DODAC solution containing CAE10
or glycerol, respectively. The errors bars represent the standard deviation from the mean

calculated enthalpies.
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8.2.1. The Effects of Glycerol Upon FT

The effects of glycerol on the DODAC bilayers are shown in figure 8.3 as an increase in
the bilayer separation, where it was concluded in section 6.4 that the local structure of
the bilayers remain the same and the increase in the bilayer separation is due to the
addition of glycerol into the aqueous phase which increases the solvent repulsion

between the DODAC bilayers.
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Figure 8.3. Shows a schematic for the increase in d-spacing from the addition of glycerol to the

aqueous DODAC solution.

The changes to the DODAC bilayers (figure 8.3) upon addition of glycerol before FT and
the behaviour of the bulk water diffusion rate after FT, where the bulk water diffusion rate
decreased in comparison between a DODAC solution before and after FT (figure 6.6),
suggested that the dehydration effects upon FT was reduced as the glycerol/H>O ratio
increased resulting in smaller changes to the bilayer separation before and after FT. This

behaviour was established by a repeat in the SAXS and WAXS measurements of the
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results presented in table 6.1 at 25 °C before FT and the inclusion of the measurements

of the same sample that was treated with one FT cycle (figure 8.4).
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Figure 8.4. Shows the integrated SAXS patterns for the DODAC solutions containing 0, 1.25, 2.5,
5.0 and 7.5 wt% glycerol at 25 °C for (a) before and (b) after FT. The addition of glycerol to a
DODAC solution resulted in uneven swelling giving two different lamellar d-spacing; one larger d-

spacing (arrow) and a smaller d-spacing (arrow head).
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The integrated SAXS patterns of the repeat experiment, shows an uneven swelling of
the bilayers for a DODAC solution containing 5.0 and 7.5 wt% glycerol before FT (figure
8.4a), which resulted in two different bilayer separations of 167 (arrow) and 132 (arrow
head) A for 5.0 wt% glycerol, and 151 (arrow) and 128 (arrow head) A for 7.5 wt%
glycerol (variation in results + 9 A). After FT (figure 8.4b), the uneven bilayer swelling is
shown for DODAC solutions containing 2.5, 5.0 and 7.5 wt% glycerol as; 188 (arrow)
and 124 (arrow head), 192 (arrow) and 125 (arrow head), and 198 (arrow) and 123 (arrow

head) A, respectively (accuracy to lamellar fit + 6 A).

This uneven swelling (seen in figure 8.4) is not shown for the results given in table 6.1
(shown as one set of d-spacing) because the integrated SAXS patterns were poorly
resolved (see appendix, figure A8.1) which could be due to how the results were
obtained, where the first set of results were carried out in the pressure cell and the repeat
results were carried out in the capillary holder. The pressure cell was explained (see
section 2.5.6) as a chamber that generates hydrostatic pressure, so the water density is
varied during the pressure cycles which can vary the background scattering. Also,
defects in the diamond window can vary the background. Furthermore, no background
subtraction was done for the analysis of the pressure cell samples because the low
resolution (given by scattering of the water in the pressure cell chamber??') and varied

background created more errors in the gaussian fit for the peak positions.

The SAXS d-spacing of the results shown in table 6.1 and the repeat in figure 8.4, for
the larger d-spacing (indicated by arrows in figure 8.4), were compared (figure 8.5) for
the reproducibility of the results and for the effects on the bilayer separation after FT for

increasing levels of glycerol (0-7.5 wt%). In terms of reproducibility, aside from the
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different sample environments, where the original results were in the pressure cell and

the repeat were in the capillary holder, the d-spacing follows a similar trend.
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Figure 8.5. Shows the change in the SAXS d-spacing with increasing levels of glycerol at 25 °C;
(m) before FT and the repeat for (0) before FT and (x) after FT. For the repeat experiment, the
plot is of the larger d-spacing from the uneven swelling shown in figure 8.4. The accuracy of the

SAXS lamellar fitting is + 6 A.

The behaviour of the DODAC bilayers upon FT, was previously assumed to have a
decrease in the difference between the bilayers separation before and after FT. This is
proven (see figure 8.5) by the percentage increase in the d-spacings from before to after
FT which reduces from a 40 % (at 1.25 wt% glycerol) to a 16 % (at 5 wt% glycerol)
increase. The swelling of the bilayers due to glycerol addition show no changes to the
hexagonal packing (table 8.3), where the WAXS d-spacing of the gel peak at 25 °C
decreases by only 0.01 A from 0 to 1.25 wt% glycerol. However, after FT, there is a
slightly greater decrease of ~0.03 A between before and after FT for a DODAC solution
containing glycerol, where small variations in the WAXS d-spacings are due to changes

in the short-range interactions between the amphiphiles. So, there is a possible increase

133



in attraction between the DODAC monomers after FT which may be an increase in

packing from vesicle fusion and/or lower curvature (ie larger vesicles).

Glycerol Levels WAXS Gel WAXS Gel Gel Peak Width Gel Peak Width
(Wt%) Peak (A) Peak FT (A) (1x102A) FT (1x10°A)

0 4.17 4.17 25 25

1.25 4.16 413 26 3.1

2.50 4.16 413 2.7 3.2

5.00 4.16 413 29 3.1

7.50 4.16 414 28 3.1

Table 8.3. Shows the WAXS d-spacing (accuracy of WAXS gaussian fit, + 1 x 103 A) and gel
peak width (accuracy of the WAXS width gaussian fitting is + 2 x 104 A) associated with the SAXS
d-spacing shown in figure 8.4 of the results given by (0) before FT and (x) after FT for increasing

levels of glycerol at 25 °C.

8.2.2. The Effects of C12-14(EO)10 (CAE10) Upon FT

The effects of CAE10 on the DODAC bilayers was shown (table 6.2) to cause swelling
of the bilayers as CAE10 is incorporated into the bilayers, then a lateral phase separation
from an increase in micellar domains with increasing CAE10 levels (figure 8.6). The
interaction between CAE10 and the DODAC bilayers has been shown (figure 6.7) as a
28 % increase in the bulk water diffusion rate after FT, for a DODAC solution containing
5 wt% CAE10. However, this favourable increase in bulk water diffusion rate (after FT)
is due to reconstruction of the lamellar phase (before FT) into a different lamellar

structure which is more robust against the FT induced swelling.

The integrated SAXS patterns for a DODAC solution containing CAE10 is shown for
before FT in figure 8.7a (as seen in figure 6.8) and after FT in figure 8.7b, which shows

the increasing lateral order in the lamellar phase through the change in the Braggs peaks
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(see section 2.5.2) from diffused to sharp peaks. In chapter 6, the spherical->planar
bilayers transition was shown to take place (before FT) for a DODAC solution containing
1.4 wt% CAE10 (see figure 8.7a). This was indicated by a 90 % increase in the SAXS d-
spacings, forincreasing CAE10 levels of 1.0 to 1.4 wt% (table 6.2). Also, by the two lamellar

reflexions present in the integrated SAXS patterns for a DODAC solution containing 1.4 wt%

CAE10 (see figures 8.7a).

Figure 8.6. Shows a schematic for the changes to the DODAC bilayer from the addition of the
CAE10. The single “tail” surfactant increases positive curvature and disrupts the negative

curvature of the DODAC bilayers.

After FT, the assumption for a FT induced mixing of CAE10 and DODAC surfactants was
made based on the behaviour of the bulk water diffusion of a DODAC solution containing
1.0 wt% CAE10 (figure 6.7) which increased by 78 % after FT. This resulted in a bulk
water diffusion rate that is almost twice as fast as the bulk water diffusion rate for the
planar bilayers solution at 5.0 wt% CAE10, after FT. So, it was purposed that FT induced
mixing of a DODAC solution containing 1.0 wt% CAE10 formed a less uniform solution
of fragmented bilayers as opposed to a uniform solution of planar bilayers (for 5.0 wt%

CAE10). Furthermore, as expected, the different mechanisms of mixing, ie FT induced
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mixing and mixing above the chain melting transition temperature (initial preparation),
result in different structures for the DODAC/CAE10 bilayers from early CAE10

incorporation or different conformations of the large CAE10 surfactant “head” group.

Intensity (a.u)

B Fra - >
/’/ﬁ/ﬂ/’/’g’f’ltﬁ

DD0 002 004 008 002 010 012 0.14 D168 018 020
q (AY

Intensity [ a.u)

A

AT S R S A ¢ &

0.00 002 004 0.06 0.08 0.10 012 0.14 0.16 0.18 020
q [(AY

Figure 8.7. Shows the integrated SAXS patterns for the DODAC solutions containing 0, 0.6, 1.0,
1.4 and 5.0 wt% CAE10 at 25 °C for (a) before (taken from figure 6.8) and (b) after FT. There is
an increase in structural order after FT and for increasing levels of non-ionic surfactant. The
uneven swelling is shown for a DODAC solution containing 0.6 and 1.0 wt% CAE10, where the

larger bilayers separation is shown by the arrows and the smaller bilayers separation is shown by

the arrow heads.
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The FT induced mixing is shown by the uneven swelling of the bilayers indicated (arrows
in figure 8.7b) by the larger lamellar d-spacings which is due to CAE10 incorporation into
the DODAC bilayers after FT, for a DODAC solution containing 0.6 and 1.0 wt% CAE10.
In comparison to before FT, where there is no uneven swelling (figure 8.7a). Also, after
FT, there is a linear increase of 25 A per wt% in the SAXS d-spacings between DODAC
solutions containing 0.6-1.4 wt% CAE10. This linear increase in the SAXS d-spacings is
due to increasing levels of incorporated CAE10 into the DODAC bilayers which supports

an FT induced mixing.
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Figure 8.8. Shows the changes to the SAXS d-spacing (accuracy of the SAXS lamellar fit, + 5 A),
based on the integrated SAXS patterns in figure 8.7 at 25 °C, with increasing levels of non-ionic
surfactant for (m) before and (x) after FT for the larger d-spacings shown in figure 8.7 indicated

by the arrows.

As mentioned, the assumption of structures for the DODAC solutions with CAE10 levels
less than 1.4 wt% was that they form fragmented bilayers after FT. However, the uneven

swelling of the bilayers for a DODAC solution containing 1.0 and 0.6 wt% CAE10 (figure
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8.7b), suggest a solution of DODAC vesicles with an uneven distribution of CAE10
surfactants between the bilayers and vesicles. So, the FT induced mixing of CAE10 and
DODAC surfactants do not induce the spherical>planar bilayers transition if the
CAE10/DODAC ratio is too low and the increase in bulk water diffusion rate after FT for
a DODAC solution containing 1.0 wt% CAE10 (figure 6.7b) could be due to the

conformation for the ethoxylated “head” group of the CAE10 surfactant.

The behaviour of CAE10 within the bilayers is governed by the conformation of the large
ethoxylated “head” group which can either tether to the surface of the DODAC bilayers
or extend into the aqueous phase (mentioned in section 6.2). The former will decrease
the permeability of the bilayers and decrease the interactions between the bilayers and
water phase and the latter will increase steric repulsion between bilayers and vesicles.
These will both result in a solution that behaves more “fluid like”, so between tethering
and extension of the ethoxylated “head” group there will be a varying effect on the bulk

water diffusion rate which will have a general increase in the diffusion rate.

CAE10 Levels WAXS Gel WAXS Gel  Gel Peak Width Gel Peak Width
(Wt%) Peak (A) Peak FT (A) (1 x10-3 A) FT (1x 102 A)

0 417 417 2.5 2.5

0.6 4.15 4.13 2.7 3.0

1.0 4.16 4.13 2.7 2.9

1.4 417 4.14 2.4 2.6

5.0 4.15 4.13 2.0 2.4

Table 8.4. Lists the WAXS gel peak width (accuracy of the WAXS width gaussian fitting is £ 2 x
10+ A) and d-spacing (accuracy of WAXS gaussian fit, + 1 x 10-3 A) for increasing levels of non-

ionic surfactant for before and after FT.

138



The formation of planar bilayers results in a decrease in the bilayer separation after FT
instead of the general behaviour of increasing bilayers separation (figure 8.8). This is
shown by a 13 and 3 % decrease between the SAXS d-spacing before and after FT for
a DODAC solution containing 1.4 and 5.0 wt% CAE10, respectively, showing no changes
to the DODAC solution containing 5.0 wt% CAE10. These bilayers give three different
water environments after FT (see figure 6.7b), suggesting that the holes formed from
CAE10 incorporation causes vesicles to fuse together into a single giant multilamellar
vesicle which retains the bulk, interlamellar and core water environments. Conversely,
the three water environments could be due to bilayer stacks with closed ends and instead
of a single bulk water environment, there are bound water environments (water
interacting with surfactant head groups) and water between the closely stacked bilayers

as well as a bulk water phase.

The robustness of the planar bilayers (upon FT) is because of decreased permeability
from the CAE10 incorporation which is due to tethering of the ethoxylated “head” group
as opposed to extension of the “head” group. This is suggested by a 39 % decrease in
the SAXS d-spacing between the DODAC solutions containing 1.4 and 5.0 wt% CAE10
before FT. Therefore, tethering of the ethoxylate group could act as a support for the
DODAC bilayers after the initial dehydration during the Lo~ Lg transition and throughout
the FT process. So, the incorporation of CAE10 into the DODAC bilayers can protect
against the suggested freezing injury (that leads to lateral phase separation or
defects/holes within the bilayers), by increasing bilayer interaction and decreasing
migration of water between the different water environments. Also, more importantly (in
terms of LFE’s function), a bulk water diffusion rate is either constant or faster after FT

for the DODAC/CAE10 bilayers.
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8.3. The Low Temperature Effects on a DODAC/CaClz System
The behaviour of an aqueous DODAC solution was studied for the effects upon FT,
where the results showed; a decrease in the bulk water self-diffusion rate (figures 6.6 &
6.7), a temperature shift from ~31 to 35 °C of the f->g transition upon cooling without the
presence of CaCl, in the DODAC aqueous solution (figure 5.2), the stability of the g=>g’
transition across multiple FT cycles for a DODAC solution containing CaCl- (table 8.2), a
decrease in polydispersity and lamellae (table 7.2) and an increase in the bilayer
separation with no changed to the hexagonal packing (figure 4.6) which is stable over
multiple FT cycles for a DODAC solution containing 0.085 wt% CaCl. (table 8.1). These
outcomes are based on the FT behaviour of the DODAC solutions which was predicted
by the general behaviour of the bilayers upon freezing and the effects upon thawing in

the lamellar phase (see section 1.7.1).
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Figure 8.9. Shows the change in d-spacing with temperature of a DODAC solution containing
0.085 wt% CacClz, during (m) cooling and (x) heating. The temperature was varied between 25
and -18 °C at a rate of 5.0 °Cmin-'. The mixture begins to form ice crystals at -5.0 °C (as shown

in figure 8.10a). The accuracy of the SAXS lamellar fit is + 5 A.
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The freezing mechanism was mentioned (section 1.7.1) to result in a decrease in the
bilayers separation due to ice formation in the bulk water phase upon freezing (figure
1.9). Also, it was proposed (end of section 4.3.1) that the initial dehydration takes place
during the Lo>Lg transition as the fluctuations of the bilayers reduce. In figure 8.10,
nucleation of the crystalline phase begins at -5.0 °C for a DODAC solution containing
0.085 wt% CacCl, and continues freezing at -15 °C based on the intensity of the crystalline
scattered rings (see appendix, figures A8.6-A8.10). Also, based on the behaviour of light
microscopy under crossed polarised light (figure 8.11), complete crystallisation takes
place after incubation at -18 °C. So, dehydration due to ice formation in the bulk phase
would result in a decrease in the d-spacing between 0 and -18 °C upon cooling. However,
the SAXS d-spacing remain constant when cooling from 15 to -18 °C (figure 8.9).
Therefore, the dehydration of the DODAC bilayers takes place during the Lo—>Lg phase
transition (see figures 4.2, 4.4 & 5.4) and the d-spacing is almost constant with further
cooling in the Lg phase, showing only an average 1% decrease in the d-spacing (figure

8.9) every -5 °C when cooling from 25-15 °C.
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Figure 8.10. Shows the WAXS gel and crystalline peak d-spacing with varied temperature, for (m)
cooling and (x) heating. The gel->crystalline transition takes place at -5.0 °C, show by the

introduction of another peak at ~4 A. The accuracy of the WAXS gaussian fit is + 1 x 103 A.
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Figure 8.11. Shows the crossed polarised light images of a DODAC solution containing 0.085
wt% CaCl: for cooling from 25 to -18 °C at 5.0 °Cmin-', where images were taken every -1.0 °C
(see appendix, figure A8.11), shown here for every -5.0 °C and held at -18 °C for 5mins, where

the solution crystallises after 1 min.
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Upon thawing, the assumed behaviour of a lamellar phase was a swelling induced lysis
or a lack of osmotic responsiveness (section 1.7.1), where the swelling was apparent in
the DODAC aqueous solutions (figures 4.2, 4.4 & 5.4) but the swelling was not assumed
to be due to lysis and there was no evidence to the lysis of DODAC vesicles. The
behaviour upon thawing is shown in figure 8.9, as an almost constant d-spacing with an
average 1 % decrease every 5 °C, from 0 to 15 °C. Then a 7 % increase in the d-spacing
from 15 to 20 °C. This increase in d-spacings is the start of the swelling behaviour giving
a d-spacing at 25 °C that is 2 % greater than the bilayers separation before FT. So, the
behaviour upon thawing is likely an increase in the bilayers attraction due to a decrease
in the “hydration forces” from the lack of osmotic responsiveness after complete
dehydration of the bilayers which causes the repulsion between the bilayers and allows

aqueous solution into the bilayers??2223,

There is a 5 % increase in the gel peak d-spacings (figure 8.10) between -5 and -18 °C,
due to lateral separation in the gel phase. This could be the lysis event of the DODAC
vesicle or tilting in the bilayers upon freezing. Upon thawing, the bilayers reorganised in
a similar (but reverse) fashion as upon freezing, where the d-spacing follows the same
1 % difference in d-spacings every 5 °C between -5 and -18 °C, except with a decreasing
d-spacing. This behaviour is more likely to be from tilting of the bilayers and so the
transition indicated (figure 8.10) may not be due to nucleation of a crystalline phase

which took place instantly (figure 8.11) at -18 °C after incubation.

8.4. The Pressure-Temperature (P/T) Relationship
The temperature and pressure relationship for a DODAC solution of 8 wt% DODAC in
an aqueous solution of 0.085 wt% CaCl;, was compared through a series of pressure
cycles at 65, 25, 15 and 5.0 °C (chapter 3), where the relationship between temperature

and pressure was determined to be 0.6 kbar for every -10 °C, but this relationship did

143



not match between the pressure cycles at 65 and 25 °C. Thus, the direct comparison
was made between thermotropic/isobaric and barotropic/isothermal systems for the
DODAC solution between 65 and 25 °C at atmospheric pressure and between 0.001-4

kbar at 65 °C, respectively (chapter 4).
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Figure 8.12. Shows the transition pressure at various temperatures for the main transitions of
La~>Lg and Lg>Lg, where the transitions were determined (figure 3.4), for pressure cycles at 65,
55, 45, 35, 25, 15 and 5.0 °C. The transition gradient is different for the Lg and Lg transition

boundary (0.06 kbar/°C) and the Lg and La transition boundary (0.04 kbar/°C).

The direct comparison between the transitions induced by pressure and induced by
temperature gave different gel phases, shown by the width of the gel peak (figure 4.6),
of Lg and Lg (or Pg) phases, respectively. So, the series of pressure cycles were
repeated, but between 0.001-3 kbar for temperatures 65, 55, 45, 35 and 25 °C. This is
compared to the P/T relationship in figure 3.4 for the pressure which the main transitions
took place, showing the phase boundaries (figure 8.12) L4 /Lg, and Lg/Lg for increasing
pressure (phase assignments made in sections 3.3.1 and 3.3.2). The updated P/T
relationship shown (figure 8.12), gives a P/T relationship of 0.04 kbar/°C at the Ld/Lg

phase boundary, where the relationship remains constant for pressure cycles between
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65 and 35 °C, and a relationship of 0.06 kbar/°C at the Lg/Lg phase boundary, where the
relationship is constant between 35 and 5.0 °C. This phase behaviour at the Ld/Lg
boundary agrees with Goto et. al., which uses high-pressure light transmittance and DSC
to determine the main transitions of an aqueous DODAC solution, where the relationship

is given as 0.23 K/MPa (~0.04 kbar/°C)?%*,
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Figure 8.13. Show the WAXS gel peak width for pressure cycles at; (o) 65, (A) 55, (o) 45, (m) 35
and (A) 25 °C compared to the gel peak widths for the pressure cycle at 65 °C (x) and temperature
cycle at atmospheric pressure (+) shown in figure 4.6. The results for each pressure cycle were
converted to temperature based on the new P/T relationship in figure 8.12. The accuracy of the

gaussian fitting for the gel peak width is + 2 x 104 A.

The P/T behaviour was used to compare the width of the WAXS gel peak for the pressure
cycles between 0.001-3 kbar at 65, 55, 45, 35 and 25 °C. This comparison includes the
results given in figure 4.6, for the gel peak width of the pressure cycle between 0.001-4
kbar at 65 °C and the temperature cycle between 65-20 °C at atmospheric pressure
(figure 8.12). These results gave the same Lg (or Pg) gel phase for the temperature cycle

at atmospheric pressure and the pressure cycles at 25 and 35 °C. Also, the same Lg gel
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phase was given for the pressure cycles at 45, 55, 65 and 65 (repeat) °C. Therefore, the

new P/T relationship is correct between 65 and 25 °C.

The temperature and the pressure induced transitions were assumed to behave
differently at the Lg/Lc boundary, but it was shown in figure 8.10 that both mechanisms
result in tilting of the bilayers instead of a L; phase. This behaviour is compared directly
(figure 8.14) by the low temperature WAXS results (shown in figure 8.10) and the high
pressure WAXS results (shown in figure 3.4) using the P/T relationship (given in figure
8.12), where the trend of the gel peak d-spacing remains the same between the two
mechanisms from 25 to 0 °C. The Lg/L. phase boundary lies at ~ -2.0 °C for a pressure
induced transition and between 0 and -5.0 °C for a temperature induced transition,

suggesting that the Lg/L. phase boundary is in fact ~ -2.0 °C.
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Figure 8.14. Shows the WAXS gel peak d-spacing for the temperature induced freezing (0), as
shown in figure 8.10, and the high-pressure phase behaviour (m) of a DODAC solution containing
0.085 wt% CaClz, where the pressure results were converted using the P/T relationship at 25 °C

of 0.04 kbar/°C shown in figure 8.12. The accuracy of the WAXS gaussian fit is + 1 x 103 A.
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Below the phase boundary (< -2.0 °C), the gel peak d-spacing (figure 8.14) for a
pressure-controlled system (m) increases by 1 % between -2.0 and -8.0 °C, then reduces
by 0.2 % from -8.0 to -18 °C, where the reduction in d-spacing is parallel to the reduction
of the second d-spacing that appears below -2.0 °C. Conversely, the temperature-
controlled system (o, figure 8.14) increases by 5 % from -5 to -18 °C, as the second d-
spacing (introduced at -10 °C) decreases by 4 % for an 8 °C decrease. This behaviour
of the WAXS d-spacing is shown as Y-transitions by Tenchov et. al.??® for the freezing
sub-phases SGII and Lr1, where the former is bilayers tilted with respect to normal
bilayers and the latter is normal bilayers. For the Lr1 phase, the distortion in the WAXS
gel peak is due to a orthorhombic packing (as opposed to the distorted hexagonal
packing of tilted bilayers, see figure 2.8) and depends on the interaction/packing of the

alkyl chains™’.
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Figure 8.15. Shows the updated phase diagram of a DODAC solution containing 8wt% DODAC
in an aqueous solution of 0.085 wt% CaClz, based on the results given in figures 8.12, 8.13 and

8.14, and the conclusions made in section 4.4.
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The Lr1 and SGIl phases are formed upon freezing from the Lg or Lg phases,
respectively, and are metastable in the sense that further cooling results in the L.
transition but upon heating (from the L. phase), the SGIl and Lrs phases do not form.
The initial conclusion for the pressure-controlled system was for a Lg>Lg transition with
increasing pressure, but the distortion in the WAXS gel peak can be due to an
arrangement of the alkyl chains that is not tilting with respect to the normal bilayers upon
freezing. However, the new results given in figure 8.13, shows that the pressure-
controlled system resides in the Lg phase under isothermal conditions at 35 and 25 °C.
So, based on the maximum pressure used in this study and the isothermal temperature
that resulted in a frozen sub-phase, the high-pressure phase behaviour (at a calculated

temperature of -2 °C) is related to a Lg—>SGII phase transition.

The temperature-controlled system was discussed (end of section 8.3) from the results
given in figure 8.10, to also result in a freeze induced tilting. Therefore, both the pressure-
and temperature-controlled systems result in a freeze induced tilting of the DODAC
bilayers. Though, the degree of tilting is greater for a temperature-controlled system and
the rate of tilting is faster for a pressure-controlled system (see figure 8.14). This
difference in the freeze induced tilting mechanisms (see figure 8.14) for a pressure- and
temperature-controlled systems, may be due to the faster equilibration rates of a

pressure-controlled DODAC system.

These studies modelled the low temperature behaviour of DODAC in an aqueous
solution using high pressure (figure 8.15). However, the uneven swelling in the lamellar
phase for a thermotropic/isobaric system that was concluded as a possible Pg phase
(section 4.3.1), suggests that more information can be gained from additional

experiments with an isobaric pressure greater than 1 bar. This will provide more
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information on the P/T relationship in the horizontal direction of the graph given in figure

8.15.
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9. Appendix

Images for Chapter 3
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Figure A3.1. Integrated SAXS patterns (obtained July 2017) for a constant temperature
of 15 °C at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0 and (v) 4.0 kbar. The resolution
of the SAXS reflections decrease with increasing pressure.
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Figure A3.2. Integrated SAXS patterns (obtained July 2017) for a constant temperature
of 15 °C at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0 and (v) 4.0 kbar. The resolution
of the SAXS reflections decrease with increasing pressure.
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Figure A3.3. Repeat results obtained on November 2017. Integrated SAXS patterns for
a constant temperature of 15 °C at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0 and (v)
4.0 kbar. The resolution of the SAXS reflections decrease with increasing pressure.
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Figure A3.4. Repeat results obtained on November 2017. Integrated SAXS patterns for
a constant temperature of 15 °C after FT at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0
and (v) 4.0 kbar. The resolution of the SAXS reflections decrease with increasing

pressure and in comparison, to figure A3.3 before FT.
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Figure A3.5. Repeat results obtained on November 2017. Integrated SAXS patterns for
a constant temperature of 6.3 °C at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0 and (v)
4.0 kbar. The resolution of the SAXS reflections decrease with increasing pressure.

\ 100

10

Intensity (a.u)

0.00 0.02 004 006 0.08 010 0.12 0.14 0.16 0.18 0.20
-
q (A7)

Figure A3.6. Repeat results obtained on November 2017. Integrated SAXS patterns for
a constant temperature of 6.3 °C after FT at pressures; (i) 0.001, (ii) 1.0, (iii) 2.0, (iv) 3.0
and (v) 4.0 kbar. The resolution of the SAXS reflections decrease with increasing
pressure and in comparison, to figure A3.3 before FT.

152



m 65C
50 o 25C
. & 25C
5.0 "Ea,, e 15C
] e 15C
48 4 5C
] A 5C
g 4.6 -
&)
S
n 4.2
5 "ay --.ﬁﬁﬁOW@%@%mé%ém N
4.0 - el
o
3.8
o @@G
i Q@G
364 008800

0 1 2 3 4 5 6 7 8
Pressure (Kbar)

Figure A3.7. Theoretical pressure up cycle repeat (completed Nov 2017) for figure 3.4
(completed in July 2017), of various isothermic barotropic conditions. The L«/Lg boundary
lies between 1.0 — 1.2 kbar and the Lg/Lg boundary lies between 3.8 — 4.0 kbar.
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Figure A3.8. Theoretical pressure down cycle repeat (completed Nov 2017) for figure 3.5
(completed in July 2017), of various isothermic barotropic conditions. The Ld/Lg boundary
lies between 0.6 — 0.8 kbar and the Lg/Lg boundary lies between 3.8 — 4.0 kbar.
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Figure A3.9. Theoretical pressure up cycle comparison at various temperatures of
aqueous DODAC solution that was freeze thawed. The L, and Lg between 1.0-1.2 kbar;
the Lg and Lg boundary between 3.8-4.0 kbar
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Figure A3.10. Theoretical pressure down cycle comparison at various temperatures of
aqueous DODAC solution that was freeze thawed. The Ly and Lg between 1.0-0.8 kbar;
the Lg and Lg' boundary Lg between 3.8-4.0 kbar
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Images for Chapter 4
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Figure A4.1. WAXS gel peaks for temperature-controlled system
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Figure A4.2. WAXS gel peaks for pressure-controlled system
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Figure A4.4. Comparison of the gel peak widths for the repeats temperature-controlled
systems at atmospheric pressure
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Figure A5.1. Repeat cooling cycles after FT for aqueous DODAC solution centred at
chain transition
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Figure A5.2. Shows stability of the shift in chain melting transition for a DODAC solution
containing no CaCl; after two days of storage
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Figure A5.4. Cooling thermographs for DODAC solutions containing no CaCl.
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Figure A5.6. Cooling thermographs for DODAC solutions containing 0.15 wt% CaClz
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Figure A5.7. WAXS gel peaks as a function CaCl2 levels before and after FT at 25 °C
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Figure A5.8. WAXS gel peaks as a function CaCl2 levels before and after FT at 35 °C

160



, , , , , , S , , , , , , S
i 2251 |
» 75 - 75-
no CaClI2 ——no CaCI2 FT
————— 0.085 wt% CaCl2 ----0.085 wt% CaCl2 FT|
M 0.15wt% CaCl2 ‘ ‘ T8000 7 [ 0.15wt% CaCI2FT [T ‘ ‘ 3006 —
‘ 225 225"
§ (U 150 -
L 75 oL 5 A
1 1 1 1 1 1 UA 300J 1 1 1 1 1 1 6 30@
H 225- ¢ 225
H 150- t 150
b 75 -t 75 -
1 1 1 1 1 1 1 G - 1 1 1 1 1 1 1 O -
30 135 140 145 150 155 160 165 1.30 135 140 145 150 1.55 160 165 1.
-1 -1
q (A7) q (A7)

Figure A5. 9. WAXS gel peaks as a function CaCl2 levels before and after FT at 30 °C
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Figure A5.10. Integrated SAXS for 13 wt% DODAC in 0.15 wt% CaCl. at 25 °C
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Figure A5.11. Integrated SAXS for 13 wt% DODAC in 0.085 wt% CaCl. at 25 °C
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Figure A5.12. Integrated SAXS for 13 wt% DODAC in 0.015 wt% CacCl; at 25 °C
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Figure A5.13. Integrated SAXS for 13 wt% DODAC in 0 wt% CacCl; at 25 °C
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Images for Chapter 6

Figure A6.1. All samples containing 0.15 wt% CaCl2 under crossed polarised light at
room temperature. Images taken with monochromatic camera and colour filter.

Figure A6.2. All samples containing 0.085 wt% CaCl2 under crossed polarised light at
room temperature. Images taken with monochromatic camera and colour filter.

Figure A6.3. All samples containing 0.015 wt% CaCl2 under crossed polarised light at
room temperature. Images taken with monochromatic camera.
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Figure A6.4. Shows 7.5 wt% Glycerol + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50 um scale

Figure AG.5. Shows 5 wt% Glycerol + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50 um scale

Figure A6.6. Shows 2.5 wt% Glycerol + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50 um scale
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Figure A6.7. Shows 0.2 wt% CAE10 + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50um scale

Figure A6.8. Shows 0.6 wt% CAE10 + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50 uym scale

Figure A6.9. Shows 1.4 wt% CAE10 + 8 wt% DODAC in 0.085 wt% CaCl2 aqueous
solution 50um scale
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Figure A6.10. Shows the DSC thermographs for 5 wt% DODAC in an aqueous solution
containing 0.085 wt% CaCl.. The arrows represent the direction of the temperature,
either heating or cooling and (b) is a zoomed in version of (a), showing the chain
transitions. These are the same heating/cooling cycles as explained in figure 6.3, starting
from the top and ending at the bottom.

T9

69 - 18
(@) —_— 46 (b) f>g 17
23° 5
..

. - 0 ' ' ' ' ! : X : 1_3‘13

«— B 00

-46 - fég 1.3
69 - , , ) , , , , , 26,4

69 -
46 - 29 13
: 16
0 e oS
23 ’ 1.3
46 - 9 ég fég 0.0
69 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ a3

19

1 18
% f>g 17
23 - 16
Q I
1 26
-23 - 1.3
-46 - s fég 0.0
-69 - 9%g9 1354
69 -
, f>g 19
46 - 18
23 - 17
0 46
40 -20 0 20 40 60 26 28 30 32 34 36 38 40 42 44
Temperature (°C) Temperature (°C)

Figure A6.11. Shows the DSC thermographs for 11 wt% DODAC in an aqueous solution
containing 0.085 wt% CaCl.. The arrows represent the direction of the temperature,
either heating or cooling and (b) is a zoomed in version of (a), showing the chain
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transitions. These are the same heating/cooling cycles as explained in figure 6.3, starting
from the top and ending at the bottom.
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Figure A6.12. Shows the DSC thermographs for 14 wt% DODAC in an aqueous solution
containing 0.085 wt% CaCl.. The arrows represent the direction of the temperature,
either heating or cooling and (b) is a zoomed in version of (a), showing the chain
transitions. These are the same heating/cooling cycles as explained in figure 6.3, starting
from the top and ending at the bottom.
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Figure A6.13. Second cooling chain transitions
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Images for Chapter 7

0 25 50um 0 25 50um
et

bt

0 25 50pm

Figure A7.1. Images for probe sonicated DODAC solutions at room temperature (~20
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Figure A7.2. Images for bath sonicated DODAC solutions at room temperature (~20 °C)
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Images for Chapter 8
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Figure A8.1. DODAC solutions containing glycerol before FT at 25 °C and 0.01 kbar
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Figure A8.2. Cooling Linkam integrated SAXS patterns between 25-5.0 °C for DODAC
solution
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Figure A8.3. Cooling Linkam integrated SAXS patterns between 0 to -18 °C for DODAC
solution
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Figure A8.4. Heating Linkam integrated SAXS patterns between -18 to 0°C for DODAC
solution
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Figure A8.5. Heating Linkam integrated SAXS patterns between 5.0 to 25°C for DODAC
solution
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Figure A8.6. Cooling Linkam integrated WAXS patterns between 25-5.0 °C for DODAC
solution
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Figure A8.7. Cooling Linkam integrated WAXS patterns between 0 to -18 °C for DODAC
solution
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Figure A8.8. Heating Linkam integrated WAXS patterns between -18 to 0°C for DODAC

solution
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Figure A8.9. Heating Linkam integrated WAXS patterns between 5.0 to 25°C for DODAC
solution
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Figure A8.10. Cooling Linkam WAXS patterns between 25 to -18 °C (from left to
right) for DODAC solution
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Figure A8.11. Shows figure 8.11 but for every -1.0 °C
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