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Preface

This dissertation is an account of experimental work carried out between January 2010 and
December 2015 in the School of Chemical and Physical Sciences at Victoria University of
Wellington. All of this work was carried out solely by myself and the schematics and figures that
are included are of my creation unless specifically stated otherwise.

The results and discussion chapters of this thesis are presented in two parts to distinguish
between the different topics. Part I discusses the self-assembly of surfactant systems containing
Group 1 alkali metal counterions, while in Part II ammonium cations were used. In addition,
Appendix E reports some rheological properties of the systems outlined in the main body of the
thesis.

Much of the experimental work involved the use of microscopes to study fluid and dynamic
systems. Important observations made during the course of this work are described to the best
of my ability and are supplemented with a range of captured images that are representative
of these observations. To fully explain and document what occurs in these systems on a
wide range of lengthscales, many pictures have been provided. To avoid disrupting the written
account, pictures have been kept to a logical size. However, several key figures are reproduced
in larger size in the appendices, along with a number of additional images.

Graham Fairweather
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Abstract

Surfactants are ubiquitous, with many important applications in physical and biological
sciences. Increasingly, they are being utilised for their liquid crystalline properties rather than in
their traditional roles as detergents, emulsifiers or wetting agents. This is because these liquid
crystalline mesophases offer a large range of different architectures with varying degrees of
structural order and functionality. Presently, surfactants used in these applications are those
with behaviours that are already understood due to their routine use in industry. However, the
concept of producing surfactants by rational design would be a significant step forward and
could potentially revolutionise the field. Such a step is not trivial due to the hierarchical and
complex nature of self-assembly. In order to realise this goal, we have to understand how the
various contributions to the free energy of the system can be manipulated to affect the building
blocks of the system on different lengthscales. How do changes made on the sub-nanometre
lengthscale alter the physical dynamics of a system as a whole?

In order to answer this question, we must gather experimental evidence for different systems
using a range of complementary techniques to probe the system dynamics on different
lengthscales. Here we report the characterisation of phase behaviour and the evolution of
microstructure for a family of surfactants. We investigated this using a combination of small-
angle X-ray spectroscopy, polarising optical microscopy and cryogenic scanning electron
microscopy, producing seven new phase diagrams. We also report the flow properties of these
systems, which were studied using static and dynamic rheology.

The starting point of this study is sodium bis(2-ethylhexyl)sulfosuccinate (Na-AOT), which is
an industrially important surfactant that forms lyotropic liquid crystalline phases in water. This
behaviour has been extensively studied previously and presents over large concentration and
temperature ranges. The system has also been a source of debate and confusion in regards
to a possible transition within the lamellar phase. We present a review of the literature and,
with the addition of our own investigation, show that system does not undergo any of the
previously proposed transitions within this region. We show that the anomalies reported in
the literature can be explained by a change from a swollen and highly connected lamellar
phase to a more classical ordered lamellar phase with increasing surfactant concentration. This
change is a result of different intermolecular forces governing the system as the lamellar bilayer
repeat distance decreases. The impressive stability of the lamellar phase is mediated through
formation of different types of topological defects, which change from positive to negative
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Gaussian curvature as the bilayer elasticity varies. We then use Na-AOT as a base system
for comparison with a family of related surfactants to detail how molecular changes alter the
self-assembly of each new system.

The first comparison system discussed is the an analogue of Na-AOT with reduced branching,
sodium bis(1,3-dimethylbutyl) sulfosuccinate (Na-butylAMA). The use of this system allowed
us to investigate the role of the surfactant’s branching ethyl groups in the self-assembly of the
Na-AOT system. We show that the less bulky tail region and reduced conformational freedom of
Na-butylAMA dramatically reduces the stabilisation of the lamellar phase, with liquid crystalline
phases only presenting at surfactant concentrations above 50 wt %. We also report that the
phase progression of the Na-AOT system can be closely reproduced by modification of the
Na-butylAMA headgroup via ion exchange. Replacing the sodium counterion with potassium
restores the balance between headgroup and tail volumes and allows the stabilisation of the
lamellar phase at low concentrations.

Alterations were made to the steric bulk and electronic properties of the AOT headgroup without
changing the chemical functionality by replacing the sodium cation with two other Group 1 alkali
metals: lithium and potassium. Cryo-SEM images show how these modifications dramatically
alter the elasticity in the system. In the case of Li-AOT, this results in a significant shift of
the phase boundaries to lower concentrations, with extended stability of the ordered inverted
bicontinuous cubic and inverted hexagonal phases. The K-AOT system shows increased
elasticity due to more negative Gaussian curvature. This drives the system to form a more
disordered sponge phase, which can reversibly transition to a lamellar phase upon heating.
These changes are explained in terms of the different hydration and headgroup affinities of the
cations, which both alter the elastic moduli of the surfactant bilayer.

The AOT system was also studied with three biologically relevant ammonium-based counter-
ions: ammonium (NH +

4 ), choline (Ch+) and acetylcholine (AcCh+). With the first being of
comparable size to K+, the effects of increased polarisability and hydrogen bonding on phase
behaviour were investigated. The different microstructures observed in the AOT system when
using Na+, K+ and NH +

4 are discussed in terms of the different contributions to the Gaussian
curvature, including ion pair formation, hydrogen bonding, hydration and steric constraints on
molecular packing. In comparison to the other counterions investigated, choline and acetyl-
choline are more weakly hydrated, have greater affinity for the sulfonate anion, and provide
additional steric bulk to the AOT headgroup. This removes some degrees of freedom in
these systems, and hence increases bilayer rigidity, causing significant stabilisation of their
lamellar phases. As a result, lamellar phases dominate both systems over nearly their entire
concentration ranges.

The bilayer elasticity was further investigated by the addition of electrolyte to the lamellar
phases of the NH4-AOT and Ch-AOT systems. Both are shown to exhibit salt-induced phase
transitions, forming sponge and cubic phases depending on the starting surfactant concentra-
tion. These transitions were achieved with small amounts of NaCl in the case of NH4-AOT, due
to its highly disordered microstructure. By contrast, as a result of the increased bilayer rigidity,
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the Ch-AOT system is shown to have a highly stable lamellar phase that can accommodate
large amounts of salt.

Having elucidated the phase behaviour and microstructure of each surfactant system, the
viscoelastic properties of a number of the systems were investigated. The flow properties of the
lamellar and sponge phases were studied by static and dynamic rheology. The shear behaviour
of the sponge phases were observed to be dependent upon concentration, with both Newtonian
and shear thinning behaviours displayed. The lamellar phases of several systems demonstrated
shear-dependent phase transitions. These transitions were also monitored by cryo-SEM, which
showed the formation of multilamellar vesicles (onions) at a critical shear rate. Upon increasing
shear, the onions decreased in size and assembled in a close-packed arrangement.

In summary, this study addresses the confusion surrounding the widely disputed lamellar
phase of the Na-AOT system. The observed changes in physical properties are explained by
the evolution of defect behaviours on multiple lengthscales. Through a series of molecular
modifications, a range of different systems have been produced and their liquid crystalline
phase behaviours and microstructures characterised. The relative stabilisation of lamellar and
sponge phases are rationalised in terms of the various competing contributions to the total
free energy. These phases are then manipulated through changes in temperature, electrolyte
addition and shear, with the induction of several different phase transitions observed. By
systematically changing the AOT cation, we have demonstrated the role of the counterion in
mesophase stability and system elasticity. We have shown that through careful counterion
selection, we can enhance or reduce the stabilisation of curved interfaces. This has allowed
us to compile a set of considerations, which can be applied to other surfactant systems in order
to better predict the potential outcomes of alterations in these systems, and is a step towards
rational design in the field.
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Chapter 1

Introduction

Liquid crystalline structures (mesophases) exist between the ordered and disordered states
of solids and liquids. They have some degree of orientational order but not the long-range
positional ordering of crystalline materials. The term is broad, encompassing a wide range
of compounds with different chemical functionalities, and hence a large array of structures
and properties. Pure materials that form temperature-dependent mesophases are classified as
thermotropic liquid crystals, while lyotropic liquid crystals are multicomponent systems in which
mesophase formation requires the additional degrees of freedom provided by a solvent. Non-
amphiphilic examples of lyotropic systems include DNA1 and Kevlar®,2 but the term generally
refers to structures that form via the self-assembly of amphiphilic molecules, including diblock
copolymers, lipids and surfactants.

This work details the lyotropic mesophases formed by several surfactant systems, and except
when stated otherwise, refers to binary systems of surfactant and water. As amphiphilic
molecules, surfactants contain both hydrophobic and hydrophilic components. Their self-
assembly is driven by the hydrophobic effect, which causes molecules to aggregate in a
way that shields the non-polar parts of the molecule from interacting with water molecules. This
limits the entropy cost that arises from water forming clathrate-like solvation shells around the
hydrophobic region.3 Aggregated structures are formed above the critical micelle concentration
(CMC) and Krafft temperature (once aggregation has the lower entropy cost). As illustrated in
Figure 1.1, molecules of different shapes, or exposed to different forces, will pack in different
ways with varying interfacial curvature. As such, self-assembly can produce normal (Type I) or
inverse (Type II) structures, with varying degrees of 1D, 2D or 3D order.

The formation of aggregate structures with a diverse range of architectures, varying chemical
functionalities, and synergic physical properties (in terms of both order and flow) mean that
lyotropic systems are used in a variety of applications and fields. Their use is wide-ranging and
growing rapidly, so a comprehensive review is outside the scope of this introduction. However,
we direct the interested reader to the pioneering nanotemplating work of Attard,4 the hybrid
systems produced by Constantin et al.,5 and the potential role of surfactant/DNA complexes in
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Introduction: Phase Behaviour and Curvature

gene therapy.6,7 The most important role of lyotropic structures is in living systems where they
are ubiquitous. Cellular membranes are known to adopt complex geometries during various
processes and phospholipids form important structures such as the myelin sheath. Lyotropic
phases are already utilised in drug delivery systems,8 but a better understanding of how they
are regulated and controlled within the chaotic environments of biological systems could lead
to rational design, biomimicry, and improved understanding and manipulation of biological
processes.

Phase Behaviour and Curvature

Figure 1.2 illustrates commonly observed lyotropic mesophases, while additional structures and
nomenclatures are listed in Table 1.1. Indications of molecular shape and interfacial curvature
are also shown in Figure 1.2, which are important factors in surfactant self-assembly and in
determination of the free energy structures. It is not uncommon for surfactant self-assembly to
be described solely in terms of the dimensionless packing parameter P, an estimation of the
molecular shape based on interactions at the hydrophobic/hydrophilic interface (P = V/al).9,10

However, while this is a convenient “rule of thumb” to predict general behaviour, it is a poor
measure of interfacial curvature as it neglects the contribution of many forces that act upon the
system. Purely steric models do not account for the bending energy that arises from the fluid
nature of mesophases, nor the fact that they are free energy structures and so a function
of thermodynamic parameters, which are not constant. The packing parameter on its own
is only able to predict the formation of spherical, cylindrical and flat structures and cannot
rationalise the more complex three-dimensional bicontinuous structures that are observed in
many systems. The shape of the molecule is clearly important in determining the aggregate
structure, but geometry alone provides no indication of the rigidity/elasticity of the structures
formed. The shape must be considered in relation to the thermodynamics of the system and
the various contributions to the free energy. Unfortunately, it is still somewhat common within
the literature for a single value of P for a surfactant (based on Tanford’s equations11) to be
quoted as if a constant.

A better understanding of aggregation behaviour is gained from considering the elasticity of
surfactant monolayers and the energy involved in inducing curvature. To do this we must
consider both Gaussian and mean curvature, which are defined in terms of vector quantities
that characterise the rate and tangent direction of maximum and minimum bending at a surface,
i.e. the principal curvatures c1 and c2 (see Figure 1.3). Gaussian curvature (K) and mean
curvature (H) are intrinsic and extrinsic measurements, respectively, defined as K = c1c2

and H = 1/2(c1 + c2). H is the average interfacial curvature, while K reveals the surface
characteristics. Figure 1.3 presents shapes with different signs of Gaussian curvature and
shows that K cannot be altered through bending alone (parabolic surfaces with K = 0 form
if either c1 or c2 is zero). When c1 and c2 have the same sign, K is positive, resulting in elliptic
surfaces, while hyperbolic surfaces form when c1 and c2 are of opposite sign. Of particular
importance is the case where c1 and c2 have opposing signs but equal magnitudes, which
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Introduction: Phase Behaviour and Curvature

Table 1.1: Types of lyotropic mesophases and associated structures.

Type Symbol Symmetry Alternative symbol

Disordered
Micellar L1 –
Inverse micellar L2 –
Sponge L3 –
Vesicular L4 –

Layered
Lamellar (fluid) L¸ 1D
Lamellar (gel, untilted) L˛ 1D
Lamellar (gel, tilted) L0

˛ 1D
Lamellar (gel, interdigitated) L˛1 1D
Lamellar (rippled) P˛ 1D
Lamellar (helically coiled chains) L‹ 1D
Lamellar (crystalline – 2D) L2D

cr 2D L2D
c

Lamellar (crystalline – 3D) Lcr 3D L3D
c

Cubic 3D Q, C
Discrete cubic II Pm3n, Fm3m, Im3m, P4332
Discrete cubic (inverse) III Fd3m
Bicontinuous cubic VI Im3m, Ia3d, Pn3m
Bicontinuous cubic (inverse) VII Im3m, Ia3d, Pn3m

Columnar 2D
Hexagonal HI P6m
Hexagonal (inverse) HII P6m
Hexagonal (complex) HIc P6m
Hexagonal (inverse complex) HIIc P6m
Ribbon (rectangular) RbI Cmm, Pgg, Pmm
Ribbon (inverse rectangular) RbII Cmm, Pgg, Pmm
Ribbon (oblique) MI P1, P2
Ribbon (inverse oblique) MII P1, P2

Mesh 3D Mh
Rhombohedral RI R3m
Rhombohedral (inverse) RII

Tetragonal TI I4mm
Tetragonal (inverse) TII

Disordered Mh0

Other 3D
Hexagonal micellar – P63/mmc
Polycontinuous 3etc P63/mcm (and others proposed)
Bicontinuous (non-cubic) BcI , BcII R3c (not confirmed)

Note on nomenclature: Some researchers use Arabic numerals rather than Roman numerals to designate normal
and inverse structures. Others use a superscript “i” for inverse structures so they can also use a subscript “¸” to
denote the fluid nature of the tails. For example, an inverse hexagonal phase may be written as HII , H2 or Hi

¸.
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Chapter 1

results in hyperbolic surfaces (such as saddle-splay surfaces) in which the magnitude of K
varies along the surface but H = 0. This curvature is observed in the bicontinuous cubic and
sponge phases, which are described as minimal surfaces. As the Gaussian curvature is not
altered by bending alone, structures with non-zero Gaussian curvatures require stretching or
constriction of the bilayer and so have an associated elastic energy cost.

Figure 1.3: The relationship between the principal curvatures of a surface and its mean and
Gaussian curvatures. Several examples of different Gaussian curvatures are shown.

The elasticity of a bilayer can be related to the Gaussian and mean curvatures, using the
expression of membrane free energy derived by Helfrich,12 and the elastic energy per unit area
can thus be written as:

Felastic = 2»(H � c0)
2 + »̄K (1.1)

where c0 is the spontaneous curvature and » and »̄ are the elastic moduli. These three
components are incredibly important and require further explanation.

The spontaneous curvature c0 is a measure of the inherent tendency of each monolayer
comprising a bilayer to curve. Mathematically it is twice the value of H for one monolayer
when K = 0, and so essentially represents the equilibrium mean curvature that the monolayers
would adopt in the absence of any constraints (i.e. if it was governed by packing/lateral steric
forces alone) and so it is c0 that the previously discussed packing parameter actually describes.
Monolayers will not favour a flat morphology at all concentrations or temperatures and so
adopting a bilayer structure has an associated energy cost, as illustrated in Figure 1.4. This
must be met by the adoption of unfavourable bilayer conformations or through deformation. If
existing as this deformed structure is less energetically favourable than existing as a different
structure, then a phase transition is induced. If retaining a bilayer has the lower cost, then
deformation will result in deviation from the idealised structure through the formation of defects.

6



Introduction: Phase Behaviour and Curvature

Figure 1.4: An illustration of the curvature frustration associated with monolayers adopting a
bilayer configuration.

The first of the elastic moduli, », is the modulus of the mean curvature, and is a measure of
the energy cost associated with deforming a bilayer from its ideal spontaneous mean curvature
through bending, and thus is termed the bending rigidity modulus (note that » = 2»monolayer).
This value is always positive in stable mesophases, but its relative magnitude in comparison to
the thermal energy kBT is important in determining whether thermal energy can destabilise the
structure. »̄ is the Gaussian curvature modulus (sometimes called the saddle-splay modulus)
and represents the energy required to form surfaces of non-zero Gaussian curvature. The
value of »̄ can be negative or positive, resulting in positive or negative Gaussian curvature,
respectively, thus affecting the relative stability of normal and inverse phases. In contrast to
bending deformations, the energy associated with changing the Gaussian curvature of a bilayer
is not twice that of deforming the monolayer. As such, »̄ = 2»̄monolayer � 2lmc0monolayer»monolayer,
and so »̄ is closely related to the spontaneous curvature and monolayer thickness (lm), as well
as the value of ».13

A significant step in understanding lyotropic mesophases was provided by Hyde, who related
the mean and Gaussian curvatures of the bilayer to Israelachvili’s packing parameter through
the equation P = V/al = 1 + Hlm + (Klm2)/3.14,15 This enabled the hydrophobic/hydrophilic
interface to be modelled as a thin film, the total curvature of which is governed by both the local
geometric packing constraints of the surfactant molecules and the macroscopic constraints of
spontaneous and non-spontaneous curvatures. A second assumption that the lowest energy
structures will have homogeneous interfaces then allowed the topology of the surface to be
related to the Gauss-Bonnet theorem so that:

I
KdA = 4ı(1 � g) (1.2)

where the genus (g) is the topology of a closed interface (i.e. the number of handles/holes
through the structure: see Figure 1.5). As »̄, which had previously (incorrectly) been assumed
to be negligible, is a measure of the cost of changing K it follows that it is this modulus that
controls the topology of the surface. This allows the rationalisation of bicontinuous surfaces of
different genus and thus periodic pores. Hyde compiled a “phase diagram” relating theorised
structural types to the shape and polar volume of surfactants (shown in Figure 1.6). Importantly,

7



Chapter 1

Figure 1.5: Shapes with closed interfaces of varying genus (different numbers of han-
dles/holes).

this methodology shows that for any given shape parameter, a number of different mesophase
types are available.

The work of Hyde was important in finally rationalising the formation of VII phases and in
advancing the field of other bicontinuous phases with minimal surfaces or near-zero curvature.
Many intermediate mesh structures were subsequently theorised by those with a mathematical
interest in minimal surfaces, and some have since been definitively characterised through ex-
periment and found to be of biological relevance. However, their characterisation is problematic,
as it relies on the assignment of X-ray reflections based on assigned lattice parameters taken
from those reflections. These can be few in number, weak and/or absent. However, interesting

Figure 1.6: Theorised variation in self-assembly as a function of packing parameter and
polar/apolar volume fraction, duplicated from the work of Hyde.14 © 2001 John Wiley & Sons,
Ltd.

8



Introduction: Relevant Mesophase Structures

architectures have been observed including the new examples of polycontinuous phases, in
which three or more distinct domains are separated by a single continuous surfactant layer.16,17

Like the packing parameter, Hyde’s work did not account for the role of competing intermolec-
ular interactions between surfactant aggregates, and was unable to predict specific phase
formation in advance for any given surfactant. Despite significant expansion of the field since
this work, there remains no suitable model (or even universally accepted and unambiguous
design rules) that can predict the phase behaviour of a surfactant with any confidence based
upon its molecular structure. In fact, the answer to this problem is probably becoming harder
to conceive. Novel phases, and new variants of those that already exist, are still being
characterised. Thus, an accurate model must be able to predict the formation of increasingly
complex topologies. Additionally, there is a rapidly growing diversity in surfactant archetypes
that are being produced and investigated specifically because they exhibit different surface
tension and self-assembly properties. The current interest in hyperbranched, bola, gemini and
star-like surfactants introduces further complexities,18–21 which are certainly poorly rationalised
by the previous methods that neglect the significant role of chain frustrations and packing. The
incorporation of different chemical functionalities then stretches the definition of a surfactant
and introduces supramolecular self-assembly.22

Relevant Mesophase Structures

The idealised lamellar (L¸) phase, depicted in Figure 1.7, is the simplest structure to describe.
Bilayers with zero interfacial curvature form indefinitely flat layers, which alternate with water
layers, producing a regular repeat distance and 1D order. This results in anisotropic properties,
good thermodynamic stability, and relatively low viscosity as unrestricted bilayers can move
independently along two axes under shear. Ideally, zero curvature is retained upon dilution and
the periodicity increases to accommodate thicker water layers. One-dimensional ordering pro-

Figure 1.7: Schematic representations of (a) lamellar and (b) inverse hexagonal phases.
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Chapter 1

duces simple X-ray diffraction patterns in the ratio 1:2:3. . . allowing for simple identification. The
subscript “¸” indicates a fluid hydrocarbon chain environment, although various ordered/frozen
arrangements can exist at lower temperatures, producing gel phases with tilted, coiled or
interlocked tail regions (see Table 1.1). However, as described above, bilayer formation incurs
a curvature frustration energy cost, and no system will have truly zero interfacial curvature over
large concentration or temperature ranges. The energy cost is met through elastic deformations
(bending, twisting, splay), which produce lamellar structures of varying topology and defective
microstructures, dependent upon the values of » and »̄.

The inverse hexagonal (HII) phase has negative interfacial curvature and forms at high surfac-
tant concentrations. The structure comprises inverse micellar aggregates/columns of indefinite
length, which pack together in a 2D hexagonal array with a P6m space group, giving rise to
X-ray reflections in the ratio of 1:

p
3:

p
4:

p
7. . . . Other columnar phases (listed in Table 1.1) are

variants of the HII phase, in which the symmetry of the columnar shape and/or packing array
is reduced (except the HIIc phase, which retains both but is formed of cylinders resembling
elongated vesicles rather than inverse micelles). The HII phase is limited to high surfactant
concentrations as swelling is inhibited by a chain-stretching energy cost, which arises due to
voids within the hydrocarbon region (see Figure 1.7) that are filled by tails adopting unfavourable
stretched conformations. This energy cost increases with the internal diameter of the cylinders
and as the interfacial curvature decreases. L¸–HII transitions occur when the tail length of
the surfactant is long enough to reduce the size of the void. When this is not the case, the
two phases are separated by additional phases, which normally adopt bicontinuous cubic (VII)
structures.

Bicontinuous cubic structures comprise single, highly curved indefinite bilayers interwoven with
water, producing continuous three-dimensional crystallographic networks. They are formed
by an ordered arrangement of hyperbolic/saddle surfaces, meaning that VII structures have
zero mean curvature and varying (between zero and negative) Gaussian curvature. They
are best described as triply periodic minimum surfaces and can be visualised as a bilayer
folded around the mathematical minimum structures shown in Figure 1.8, which shows the
three VII space groups observed experimentally in lyotropic systems. The term bicontinuous
describes the result of the minimal surface rather than its physical structure and the phases are
actually composed of three interpenetrating domains, with the continuous surfactant structure
dividing the water into two separate, uninterrupted congruent domains. The structures shown
in Figure 1.8 are closely related in terms of energy, but the mechanism of VII–VII transitions is
unknown, despite the structures being interrelated mathematically by the (physically unlikely)
Bonnet transformation, which maintains zero mean curvature.23

The 3D cubic ordering results in highly viscous materials with equivalent refractive indices that
do not give rise to characteristic optical textures under crossed polarised light (in contrast to the
anisotropic L¸ and HII phases). This isotropy means that optical microscopy cannot distinguish
between different cubic space groups (but it can rule out other intermediate phases – generally
low symmetry rhombic or tetragonal variants). X-ray diffraction is used instead, with cubic space
groups having a large number of allowed reflections. However, there are at least three possible
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Introduction: Relevant Mesophase Structures

Figure 1.8: Mathematical models of the space groups of bicontinuous cubic phases. Red
arrows indicate water channels in the structures. Models are duplicated from the work of Castle
et al.,24 by permission of the Royal Society.

structures and they share many of these reflections. The phases must be assigned based
on systematic absences, and if the number of peaks observed (or their intensity) is low then
assignments are often tentative (and have been proved incorrect in the past).

Several low-symmetry (2D ordered) variants of the VII phase exist, perhaps the most interesting
of which is the sponge (L3) phase. The structure of the L3 phase (see Figure 1.9) can be
described as a translationally disordered (or melted) VII phase. It is bicontinuous and formed
of saddle-splay/hyperbolic interfaces (strictly K < 0), but they are randomly arranged and
no longer conform to a lattice. The phase can exist between L¸ and VII phases or upon
promotion of disorder in a L¸ phase, and can coexist with both L¸ and VII phases. Thus, the L3

structure can also be related to the L¸ phase, as both phases are formed from the same local
bilayer structure. The L3 phase can be considered as a L¸ phase that loses translational order
through the combination of thermal fluctuations and a high genus defect formation producing

Figure 1.9: (a) A saddle-splay minimum surface, (b) a schematic representation of an L3 phase,
and (c) a mathematical L3 phase model. Image (c) is duplicated from the work of Angelova et al.
(“Sponge phase organization with a nonperiodic lipid bilayer”).25 With permission of Springer,
© Springer-Verlag Berlin Heidelberg 2011.
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connections between bilayers. The characteristic length/pore size (d3) of a L3 phase is generally
~1.2–1.5 times the size of the corresponding L¸ repeat distance (d¸) and ~2–3 times the size of
corresponding passages of VII phases, although exceptions to both have been reported and L3

and L¸ structures with comparable d spacings have been observed in some ionic systems.25–30

The disordered L3 phases are isotropic and do not give rise to regular diffraction peaks.
They are normally assigned based on their remarkably low viscosities (given their relatively
high surfactant concentration) and by electron microscopy. They have poor spatial correlations
but an average characteristic length and are likely stabilised by some localised short-range
entropic interactions. They normally exhibit Newtonian flow when exposed to low shear and
flow birefringence at high shear. As continuous domains allow for relatively unrestricted ion
movement, they normally have high conductivity values. Despite the “random” arrangement of
the L3 phase, different variations appear to exist. Both symmetric and asymmetric forms (with
respect to the bilayer) have been reported, with the two water domains separated in the former
and connected by additional defective pores in the latter.31 Beck et al. have also reported
“novel” thermodynamically stable L3 phases in ionic systems, with d3 spacings and properties
such as low flow birefringence that do not strictly conform to the accepted L3 character.29,30

Sponge phases provide an excellent example of the reasons purely geometric explanations
of surfactant systems (that persist in some fields) are inadequate. To rationalise the relative
stabilities of L¸, L3 and VII phases, the elasticity of the bilayer must be considered. Whether
originating from a classical L¸ or VII phase, the formation of the L3 phase requires increased
flexibility (decreased bending rigidity »), which is provided through thermal fluctuations such
that the value of » is comparable to the thermal energy (» ⇡ kBT ). As such, the formation of
the L3 phase can be described as an entropy-driven order–disorder transition. However, the
L¸–L3 transition also requires increased topological complexity, which is driven by Gaussian
curvature (more positive »̄). The relative stability of these phases is dependent upon both
» and »̄, as illustrated in Figure 1.10. If we consider the previously discussed equations
» = 2»monolayer and »̄ = 2»̄monolayer � 2lmc0monolayer»monolayer, then for fluid bilayers with low
values of »̄monolayer, the magnitude of »̄ is controlled by the second term and its sign is governed
by that of the spontaneous curvature. Sponge phases are observed for positive values of »̄
(negative Gaussian curvature) and so the L¸–L3 transition requires the molecular shape to
invert (larger tail volume than headgroup area). L¸–L3 transitions can be induced using salt,
temperature, alcohols (cosurfactants) or shear. Each of these factors alters the elasticity of the
bilayer by changing the intermolecular forces that act upon it. So, while mesophase stability can
be explained in terms of curvature, these are free energy systems and we must consider the
intermolecular contributions that control them.

Intermolecular Forces

Self-assembly can be described very simply as purely being the result of competing attractive
and repulsive forces. Complexities within the assembled structure are a result, on some
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Introduction: Intermolecular Forces

Figure 1.10: The relationship between lamellar, sponge and bicontinuous cubic phases, and
their dependency on the elastic constants » and »̄.

level, of these interactions. However, the reality of surfactant self-assembly is complicated
because these forces are interrelated in non-trivial ways and change not only as a function
of environmental conditions, but also indirectly as a result of changes occurring in the opposing
forces. Furthermore, not all of these forces contribute on all lengthscales or in all systems.
As with any self-assembled system, the assembly of the building blocks is governed by the
forces that act upon them, but the nature of those forces depends upon the structure building
blocks. The variety in molecular structure and chemical functionality of surfactants results in a
range of different behaviours. Despite this, the overriding factor in all lyotropic systems is the
hydrophobic effect.

The hydrophobic effect promotes the aggregation of molecules in a way that separates their
polar and apolar components from the solvent. It is rational that explanations of surfactant self-
assembly focus on the hydrophobic/hydrophilic interface, and hence the lateral forces along a
bilayer that affect the molecular packing. The lateral forces are not limited to the hydrophobic
forces and tail–tail/headgroup–headgroup steric interactions. Electrostatic repulsion and van
der Waals attractive forces compete within the headgroup of ionic surfactants, and it is changes
in these forces (in particular in the electrostatic component) that can significantly alter the elastic
properties of the bilayer, and thus its curvature.

The forces in surfactant systems are not limited to operating laterally. They also operate
between aggregates and are important in rationalising the relative stabilities of different phases
(shown in Figure 1.10 in regards to the L¸, L3 and VII phases). The magnitudes of these inter-
layer forces also contribute to, or destabilise, the bilayer elasticity (in particular the magnitude
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of »). The main two forces are again electrostatic and van der Waals forces, and as before the
result of their competition will vary greatly with concentration and temperature. This is because
their magnitudes scale differently as a function of interaggregate spacing, and their shielding
is affected by the hydration of the surfactant and the degree of binding of the counterion
(particularly the Coulombic forces between adjacent headgroup ions).

Additional forces acting between bilayers are steric hydration forces and Helfrich undulation
forces. The first of these is a strong short-range (~20–30 Å) repulsive force that prevents the
close approach of aggregates. The exact nature of these forces is still debated, but they appear
to be at least partially entropic in nature and may be a combined result of headgroups protruding
from the bilayer and the need to dehydrate or overlap hydration shells to allow bilayers to
approach. Helfrich undulation forces are long-range entropic forces that are dependent upon
the relative value of the thermal energy kBT compared to the bilayer rigidity. They were first
theorised by Helfrich, and arise from thermally induced out-of-plane fluctuations.32 They occur
in systems with flexible bilayers (with low values of ») and the repulsive force arises from the
entropic confinement resulting from the undulating bilayers being restricted by those on either
side. Helfrich undulation forces are common in ionic systems and produce a steric repulsion
interaction that competes with the van der Waals attractive forces and results in the stabilisation
of swollen lamellar phases at large bilayer repeat distances.33

Defect Structures

So far, we have shown that lyotropic mesophases must satisfy the free energy requirements
of the system and that the structures formed can be rationalised in terms of curvature and
elasticity. When the elastic energy cost of a structure becomes untenable, a phase transition
occurs. However, that is not to say that when a particular phase is formed it adopts the
idealised thermodynamic structure or incurs trivial energy costs. The wide range of competing
intermolecular forces acting upon the system means that at no point will all parts of each
surfactant molecule be truly chemically and physically satisfied, especially over the large
concentration ranges at which some phases exist. As such, the elastic energy cost and
curvature demands of the system must be satisfied. This is achieved by deformation of the
structure through a combination of bending, splaying and twisting (i.e. through the formation of
defect structures).

It is important to remember that mesophases are ordered fluids, hence the molecules can
move and the structure is in a constant state of rearrangement. The formation of defects in
such systems should be expected, but despite their name we stress that they should not be
considered as faults. As well as dissipating energy to stabilise the mesophase structures,
defects are fundamental to their physical properties and play key roles in facilitating phase
transitions. Such structures have important roles within biological systems and if we consider
the properties of membrane-based structures, topological “defects” are essential in control-
ling/facilitating their permeability and fusion, and the incorporation of proteins. As such, defects
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are interesting phenomena and investigating the evolution of mesophase microstructure as
a function of concentration and temperature is important in understanding surfactant self-
assembly and determining possible transition mechanisms.

Many defects can be classified as line defects, which disrupt either the rotational symmetry
of the structure (disclinations), the translational symmetry (dislocations) or (most commonly) a
combination of the two. In some cases, these are comparable to defects formed in solids by
the Volterra process, where a medium is cut along one surface and the newly formed faces are
displaced or removed.34 Schematic representations showing the topology of a system around
several singularity examples are shown in Figure 1.11 along with the values of the parameter
s, which is the strength of a disclination where the angle at which the director turns on a
closed curve around the centre is 2ıs. Defects of different strengths can be determined using
polarising microscopy as they interact with light differently producing characteristic patterns of
extinction.

Figure 1.11: Selected examples showing the topology around line defect singularities. Note
that (f) shows an imperfect series of edge dislocations that may reorientate the surrounding
regions and act as a domain boundary.

Figure 1.12 shows various types of defects that are observed in L¸ phases on different
lengthscales. On a global scale, and unlike the continuous VII and L3 phases, L¸ bilayers
deviate from the idealised description of indefinite bilayers by forming domains with different
director alignments. These defects are separated by boundaries that can take various forms,
but are comprised of groups of further (smaller lengthscale) defects. Domain boundaries can
be sharp (e.g. a series of edge dislocations, sometimes considered a single wedge disclination:
see Figure 1.11) or appear highly disordered (e.g. separated by a space iteratively filled by focal
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conic domains of varying size).35,36 In focal conic domains (FCDs), layers are folded around
two conjugated focal lines of an ellipse and a hyperbola, such that they are perpendicular to the
straight lines joining any part of the ellipse to the hyperbola. They can have negative or positive
Gaussian curvature, termed FCD-I and FCD-II focal conic domains‡ where bilayers curve
away from or around the defect singularity, respectively. FCD-I defects, with negative Gaussian
curvature, can assemble into chains (joined by edge dislocations) termed “oily streaks”, which
are visible using polarising microscopy and reduce the elastic energy by allowing curvature
without compression of the bilayers. FCD-I defects also exist individually and are observed
when oily streaks break down as a result of a longitudinal instability. FCD-IIs do not assemble
into further structures but do anneal into spherulite structures.37–39

Figure 1.12: Schematic examples of lamellar phase defects.

Two specific types of dislocation defect are also illustrated in Figure 1.12, both of which increase
connectivity between bilayers. Edge dislocations arise from the termination of one bilayer plane,
while screw defects are low in energy and provide connectivity through multiple bilayers.40

Connectivity is also affected by the formation of localised point defects, which take the form of
“pores”, “necks” and “passages”.41 These defects can either enhance or break the connectivity
between the surfactant and water layers, and they are likely a key factor in the previously
discussed L¸–L3 phase transition. For a further in-depth analysis of soft matter defects and
their physical stabilities see the work of Kléman.42,43

‡Note that FCD-I and FCD-II denote “Type I” and “Type II” defects; however, this is not consistent with the Type I
and Type II assigned to normal and inverse mesophases. Type I FCD defects have negative Gaussian curvature,
whereas inverse phases, which generally have negative Gaussian curvature, are termed Type II mesophases.
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Introduction: The Role of Counterions

The Role of Counterions

The range of different surfactant behaviours is vast. As we are unable to sufficiently predict the
phase behaviour of any molecule, it is difficult to judge whether the observed behaviour of any
system is particularly remarkable, and thus indicative of specific packing requirements resulting
from an interesting molecular structure. Observations of phase transitions that progress in
the opposite order from the normal trend (such as those occurring in the monoolein-based
systems44) are an exception, as is when structurally similar surfactants are observed to
display drastically different behaviours (such as the difference in didodecyldimethylammonium
systems with chloride and bromide counterions45,46), or in specific relation to this thesis, when
discontinuous behaviour is reported within a single phase (e.g. the Aerosol OT system47). This
thesis reports on our investigation into a family of Aerosol OT-related surfactants, with particular
focus on role of the branched tails (which are often neglected, but have been shown to be
important in the formation of microemulsions48) and the counterion, another often neglected –
but potentially very important – factor in self-assembly.

The presence of the counterion in ionic surfactants adds an additional degree of freedom that
can impact upon each contributor to the system self-assembly. It provides steric and electronic
contributions to the system, as when bound it is considered as part of the headgroup and
partially shields electrostatic forces. As well as providing steric bulk, the degree of counterion
binding can alter the structures of the headgroup, tails and water at the interface. How the
counterion affects each parameter is not constant for any system as the extent of binding and
hydration change with both concentration and temperature. This complexity, combined with the
“specific ion effects” observed within some systems, means that the role of the counterion within
any given system is not easily predicted. However, the empirical “matching water affinities”
rule proposed by Collins49 does allow some generalisations to be made, and although this
law is simple and has exceptions, it has been shown to be remarkably reliable (at least for
spherical point charges) and has been used to rationalise many specific ion effects in biological
systems.50

Collins’ law can be summarised as “like seeks like”, or more specifically oppositely charged
ions in solution will form close (inner sphere) ion pairs when their water affinities (free energy
of hydration) are equally matched. This is shown schematically in Figure 1.13, and means
that chaotropic and kosmotropic ions (which disfavour and favour interactions with water,
respectively) will not bind strongly when paired together. The rule can be rationalised as
domination of the strongest available intermolecular interaction. Despite tightly bound hydration
shells, the electrostatic attraction between small kosmotropic ions results in the expulsion of
water and close ion pair formation. The attraction between large chaotropic ions is not as great,
but they readily shed their weakly bound hydration shells as water favours interactions with
itself rather than the ion. In the case of mismatched ions, the strongest interaction is between
the kosmotropic ion and the water, and so the ions retain their hydration water and form weakly
solvated ion pairs or dissociate.
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Figure 1.13: A schematic illustration of Collins’ law of matching water affinities.

This thesis reports on a family of Aerosol OT-related surfactants, elucidating and comparing
their phase and defect behaviours upon self-assembly in water. All of the surfactants employed
are anionic, containing a sulfosuccinate ion within their headgroups that is described as “soft”
and chaotropic. Using Collins’ law, we can state that the kosmotropic counterions used within
this work should form the weakest surfactant-counterion pairs, while the chaotropic ions used
should bind more strongly (see Figure 1.14). The role of the counterion in surfactant self-
assembly, with respect to effects on the evolution of both the macro and microstructure, is the
main focuses of this thesis. Two types of counterion were used in experimental work, simple
point charges (group 1 alkali metals) and non-spherical ammonium ions, which are presented
separately in Part I and Part II of this thesis, respectively. Before this work is discussed the self-
assembly of Na-AOT is reviewed in an attempt to rationalise previously described anomalies in
the system, and the role of tail branching is discussed. This introduction has covered the key
points of lyotropic liquid crystals required to understand the work presented here, with the roles
of elasticity and defect behaviours of particular importance in the following chapters.

Figure 1.14: The relative kosmotropic/chaotropic natures of the cations used in this research.
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Experimental

This thesis reports on the investigation of surfactant systems on a range of lengthscales, both
in- and out-of-equilibrium, monitoring the structural and dynamic changes that occur. Such an
investigation cannot be completed using a single experimental technique. Instead, a range of
complementary techniques must be used, in order to probe the different physical properties
of the system on various lengthscales. This chapter describes the synthesis, purification and
sample preparation of the surfactants investigated in this research. The experimental approach
to each of the investigative techniques and methods employed is then explained, along with the
theory, limitations and rationale behind their use in the study of surfactant systems.

Surfactant Synthesis and Purification

Lyotropic phase behaviour can be significantly altered by the presence of impurities.51 In
particular, the presence of salts can change the electrostatic interactions of the systems
and weakly amphiphilic molecules (such as long chain alcohols) can act as cosurfactants.
Such changes can modify the position of phase boundaries, and phases existing over narrow
surfactant concentrations can be removed completely. In more extreme cases, contaminants
can induce phase separation and surfactant degradation, as observed in the sodium dodecyl
sulfate (SDS)/water system with the introduction of dodecanol.52 To ensure high purity in the
systems studied here, ultrapure water (double-distilled and Millipore filtered to a resistivity of
18.2 M⌦.cm at 25 �C) was used and all surfactants were purified before use. Starting materials
were purchased from Sigma-Aldrich, Inc. Acetylcholine chloride was synthesised using a
literature method.53 Analytical grade solvents were used as received, other solvents were
double-distilled before use. Cation exchange resin beads were purchased from Merck Millipore.
Nuclear magnetic resonance (NMR) spectroscopy was used to characterise all products. NMR
spectra were recorded using a Varian Unity Inova spectrometer operating at 500 MHz for 1H
spectra and 125 MHz for 13C spectra, and all chemical shifts, ‹ (ppm), were referenced to the
residual solvent peak of the CDCl3 solvent.54

19



Chapter 2

Purification of Na-AOT

Crude Na-AOT was dissolved in methanol to give a 1.0 M surfactant solution. This solution was
vacuum filtered through a 0.22 —m pore size hydrophobic micropore filter. Ultrapure water (10 %
by volume) was added, and the resulting solution washed twice with petroleum ether (500 mL
petroleum ether per 300 mL surfactant solution for each wash). The lower aqueous layer was
retained, and the solvent removed by rotary evaporation under reduced pressure. The purified
Na-AOT was then freeze-dried for 48 hours.

Synthesis of Li-AOT, K-AOT, NH4-AOT and AcCh-AOT

The synthesis of Li-AOT, K-AOT, NH4-AOT and AcCh-AOT was adapted from a literature
method.55 Crude Na-AOT was dissolved in hexane or heptane to give a 0.1 M surfactant solu-
tion. The appropriate metal nitrate, ammonium nitrate or acetylcholine chloride was dissolved
in ultrapure water to give a 1.0 M salt solution. Equal volumes of the two solutions were shaken
and allowed to separate overnight. The upper organic layer was retained, and shaken with
two further equal volume portions of salt solution. The solvent was removed from the resulting
surfactant solution by rotary evaporation under reduced pressure, and the AOT salt product
purified using the method for Na-AOT above. This method of ion-exchange is well-established in
the literature and has been shown previously via atomic absorption experiments to be sufficient
for near-quantitative counterion exchange.56–59

Synthesis of Ch-AOT

The synthesis of Ch-AOT was adapted from the only reported method for sodium/choline ion-
exchange in any surfactant at the time this work was carried out.60 An ion-exchange column
was loaded with 500 g of strong acidic cation exchange resin beads (Type 1, with a resin
capacity of 1.7 milliequivalents) as a slurry in ultrapure water. The column was washed with
1 M HCl to ensure full protonation of the resin material. Ultrapure water was washed through
the column until a neutral pH was achieved. The resin was loaded with choline ions by passing
3.65 L of 1 M choline chloride solution through the column (four times the maximum loading
capacity of the resin) resulting in an effluent pH of ~3, and complete loading was ensured by
passing 1 L of 0.1 M choline hydroxide solution through the column resulting in a pH of 10–11.
The column was neutralised by passing 1 L of ultrapure water through the column, giving a
final pH of 7. A 0.05 M solution containing 125 g of purified Na-AOT (less than one third of the
maximum resin capacity) was passed through the column. The resulting Ch-AOT solution was
collected from the column after discarding the forerunnings. Ethanol was added to the solution
to form an azeotropic mixture, and the solvent was removed by rotary evaporation under
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reduced pressure followed by freeze-drying for 72 hours. The resulting extremely hygroscopic
Ch-AOT was then dried at ~0.1 mmHg for 24 hours and transferred to a glove box for storage.‡

NMR Characterisation of AOT Salts

Proton NMR spectra of the AOT salts are shown in Figures 2.1 and 2.2. The cation present in
the AOT salt primarily affects the NMR chemical shifts and/or coupling constants relating to the
protons in the AOT headgroup. The relevant 1H NMR data for the headgroups (including any
protons present in the cations) are listed below:

Na-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 3.17 (m, 2H, CH2C��O), 4.35 (br, 1H,
CHSO –

3 ).
Li-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 3.15 (m, 2H, CH2C��O), 4.35 (dd, J = 9.0,
5.4 Hz, 1H, CHSO –

3 ).
K-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 3.09 (dd, J = 17.4, 3.8 Hz, 1H, CH2C��O), 3.16
(dd, J = 17.4, 10.4 Hz, 1H, CH2C��O), 4.22 (br, 1H, CHSO –

3 ).
NH4-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 3.06 (dd, J = 17.4, 3.9 Hz, 1H, CH2C��O),
3.15 (dd, J = 17.4, 11.0 Hz, 1H, CH2C��O), 4.18 (dd, J = 10.8, 4.0 Hz, 1H, CHSO –

3 ), 6.68 (br,
4H, NH +

4 ).
Ch-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 3.04 (dd, J = 17.3, 3.5 Hz, 1H, CH2C��O),
3.17 (dd, J = 17.2, 11.5 Hz, 1H, CH2C��O), 3.29 (s, 9H, NCH3), 3.64 (m, 2H, CH2N), 4.03 (m,
2H, CH2OH), 4.08 (dd, J = 11.4, 3.6 Hz, 1H, CHSO –

3 ).
AcCh-AOT Selected 1H NMR ‹ (500 MHz, CDCl3): 2.11 (s, 3H, C(��O)CH3), 3.07 (dd, J = 17.4,
3.2 Hz, 1H, CH2C��O), 3.19 (dd, J = 17.4, 11.4 Hz, 1H, CH2C��O), 3.35 (s, 9H, NCH3), 3.91
(m, 2H, CH2N), 4.09 (dd, J = 11.4, 3.2 Hz, 1H, CHSO –

3 ), 4.52 (m, 2H, CH2OC(��O)Me).

Purification and NMR Characterisation of Na-butylAMA

As noted in Chapter 4, it was intended that sodium bis(n-hexyl) sulfosuccinate (Na-hexylAMA)
would be studied as part of this research. On this basis, dihexyl sulfosuccinate sodium
salt solution (product number 86146, lot number BCBG9784V, CAS number and product
image corresponding to Na-hexylAMA) was purchased from Sigma-Aldrich Inc.61 and pu-
rified using the method for Na-AOT above. However, upon characterisation of the purified
material by 1H NMR spectroscopy, it was found that the spectrum of the material did not
match the expected integration pattern or correspond to a previously reported 1H NMR
spectrum of Na-hexylAMA.62 Full characterisation of this material was undertaken using 1H and
13C NMR spectroscopy, homonuclear correlation spectroscopy (COSY), heteronuclear single-
quantum correlation spectroscopy (HSQC), and heteronuclear multiple-bond spectroscopy

‡This method was found to be problematic due to foaming at the rotary evaporation stage. In future, this
synthesis may be improved by using methanol rather than ultrapure water for the column exchange process, or
the synthetic method for the other AOT salts described above may be employed.
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(HMBC),‡ and the material was determined to be sodium bis(1,3-dimethylbutyl) sulfosuccinate
(Na-butylAMA). Notably, the phased HSQC spectrum confirms the presence of only two distin-
guishable CH2 environments in the molecule, consistent with Na-butylAMA, whereas based on
the 13C NMR data of similar molecules, Na-hexylAMA would contain six distinguishable CH2

environments. Details of the NMR characterisation of Na-butylAMA are shown in Figure 2.3,
and the 1H and 13C NMR data are listed below:

Na-butylAMA 1H NMR ‹ (500 MHz, CDCl3): 0.86 (br, 12H, OCH(CH3)CH2CH(CH3)2),
1.21 (m, 8H, OCH(CH3)CH2CH(CH3)2), 1.59 (m, 4H, OCH(CH3)CH2CH(CH3)2), 3.09
(m, 2H, CH2C��O), 4.23 (m, 1H, CHSO –

3 ), 4.98 (m, 2H, OCH(CH3)CH2CH(CH3)2); 13C
NMR ‹ (125 MHz, CDCl3): 19.9–20.4 (8s, OCH(CH3)CH2CH(CH3)2), 22.4–23.0 (12s,
OCH(CH3)CH2CH(CH3)2), 24.4–24.8 (6s, OCH(CH3)CH2CH(CH3)2), 33.3–33.7 (4s, CH2–
C��O), 44.8–45.2 (8s, OCH(CH3)CH2CH(CH3)2), 61.4–61.6 (4s, CHSO –

3 ), 70.2–72.0 (5s,
OCH(CH3)CH2CH(CH3)2), 169.2–171.1 (6s, C��O).

Synthesis and NMR Characterisation of K-butylAMA

K-butylAMA was synthesised from purified Na-butylAMA and potassium nitrate using the
method described for Li-AOT, K-AOT, NH4-AOT and AcCh-AOT above. 1H NMR spectra of
Na-butylAMA and K-butylAMA (with Na-AOT for comparison) are shown in Figure 2.4. The
cation present in the butylAMA salt primarily affects the NMR chemical shifts relating to
the protons in the butylAMA headgroup. The relevant 1H NMR data for the headgroups of
Na-butylAMA and K-butylAMA are listed below:

Na-butylAMA Selected 1H NMR ‹ (500 MHz, CDCl3): 3.09 (m, 2H, CH2C��O), 4.23 (m, 1H,
CHSO –

3 ).
K-butylAMA Selected 1H NMR ‹ (500 MHz, CDCl3): 3.07 (m, 2H, CH2C��O), 4.15 (m, 1H,
CHSO –

3 ).

Preparation of Surfactant Samples and Phase Diagrams

Surfactant Sample Preparation

Samples of a wide range of surfactant concentrations were prepared by accurately weighing
known amounts of dried surfactant and ultrapure water (double-distilled and Millipore filtered
to a resistivity of 18.2 M⌦.cm at 25 �C) into sample vials, and the masses recorded using an
analytical balance accurate to five decimal places. The sample vials were then sealed by either
flame sealing or crimping, dependent upon the type of sample vial used. For analysis of phase

‡These NMR spectra can be found in Appendix A.
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Figure 2.1: 1H NMR spectra of Li-AOT, Na-AOT and K-AOT in CDCl3.
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Figure 2.2: 1H NMR spectra of AcCh-AOT, Ch-AOT, NH4-AOT and Na-AOT in CDCl3.
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Chapter 2

Figure 2.4: 1H NMR spectra of K-butylAMA, Na-butylAMA and Na-AOT in CDCl3.
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and microstructural behaviours, the samples produced were no larger than 2 mL in volume,
and samples prepared for rheological measurements were limited to a volume of 5 mL. The
samples were equilibrated prior to any experimental use through regular equilibration cycles,
which consisted of periods of heating (to approximately 60 �C in an oven), agitation using
a vortex mixer, and centrifugation. The equilibration of samples was monitored regularly by
viewing through crossed polarised filters and checking for homogeneity. Samples generally
reached their equilibration state after several months, although the length of time varied for
different surfactants and with concentration. The equilibration of samples was confirmed via
POM before use in other experiments.

Phase Diagram Preparation

Each new phase diagram presented in this thesis was constructed based on several hundred
observations, using several of the techniques outlined in this chapter. For each surfactant,
multiple samples were prepared at concentration intervals of approximately 2.5 wt %, at
concentrations of 2.5–100 wt %. Once equilibrated, sealed samples were placed in a Boekel
Scientific multi-deck dry block heater and heated at a rate of ~1 �C min-1. Samples were
continually observed between crossed polarisers to ascertain the approximate positions of
phase boundaries, with observations documented at temperature intervals of 2.5 �C. Once the
approximate positions of the phase boundaries were established, samples were reheated and
observations made at more frequent temperature intervals. The characterisation of the phase
behaviour was confirmed by POM and SAXS. The transition temperatures of phase boundaries
were then confirmed by POM, using a heating rate of 0.25 �C min-1 in close proximity to the
phase boundary. POM observations were generally in excellent agreement with the bulk sample
observations. For all systems, additional samples of equivalent concentration were prepared
and no discrepancies in transition temperature were observed. Observations from bulk samples
were compiled in the form of a graph (for an example see Figure 2.5), which were then used
as the basis to create phase diagrams, with the transitional areas fine-tuned using SAXS and
POM measurements. In the case of Na-AOT, samples were analysed as described here and
the observed phase behaviour is in excellent agreement with Na-AOT phase diagrams reported
elsewhere.63,64
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Figure 2.5: An example plot of phase observations at different concentrations and
temperatures used as the basis for creating a phase diagram. The example shown is for K-AOT.

Small-Angle X-ray Scattering

Schematic representations of a small-angle X-ray scattering (SAXS) instrument are shown in
Figure 2.6, in which a monochromatic beam of X-rays interacts with a sample, causing elastic
scattering of X-rays due to differences in electron density. A beam stop prevents unscattered
light from reaching the detection system and causing damage or swamping the signal. The
detection system is often in the form of a CCD camera or imaging plates, placed at a small
angle (0.1–10�) to the incident X-ray direction achieved by increasing the distance between
the sample and the detector, which detects the emitted X-rays, or the so-called scattering
pattern. The intensities observed are functions of the scattering angle and provide averaged,
representative structural information and characteristic distances of the molecular packing
symmetry in the sample. From Bragg’s law (n– = 2dsin„), the larger the diffraction angle, the
smaller the lengthscale probed, hence the use of SAXS provides detail on lengthscales larger
than powder or single crystal X-ray crystallography. However, due to the wavelength of the
radiation source used, the lengthscales are much smaller than those in static light scattering,
and so SAXS is used to provide information on the size, shape and order in the nanometre
range, while wide-angle X-ray scattering (WAXS) can be used to gain information on the atomic
scale of a few Ångströms.
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Experimental: Small-Angle X-ray Scattering

Figure 2.6: Schematic representations of the two different SAXS instrumentation set-ups used
in this work, with point and line collimated X-ray beams detected by phosphor imaging plates
and a CCD camera, respectively.

Upon interaction with a sample, a fraction of the X-rays pass through the sample, a fraction
are absorbed and transmitted into other forms of energy such as heat or fluorescence, and a
fraction will be scattered in other directions. In SAXS the sample thickness is kept small to avoid
absorption, allowing the scattered X-rays to be viewed. Neighbouring molecules/structures
produce synchronous, coherent waves, which interact with others and produce interference pat-
terns, containing structural information when detected. Interference patterns can be in-phase
(constructive), out-of-phase (destructive) or in-between, depending on the observation angle,
the orientation, and the distance between the neighbouring molecules or repeating structures.
The intensity at the detector is dependent upon the interference, and thus an interference
pattern is obtained characteristic of the distances between the molecules/structures. Each
distance is measured relative to the wavelength of the applied radiation and is reported as a
function of the scattering vector q (the dimension of q is the reciprocal of the lengthscale, nm-1

or Å-1, and so it is a measure of the structure in reciprocal space), where – is the wavelength
of the incident X-rays and „ is half the angle of reflection, such that:

q =
4ı

–
sin„ (2.1)

Each sample has an inherent form factor, with characteristic oscillations governed by the
particle’s shape, in the form of an interference pattern (essentially a Fourier transform of the
shape of the electron cloud/distribution). When structures are packed more closely, such as in
liquid crystalline systems, a structure factor (interparticle/lattice interference) multiplies with the
form factor due to neighbouring particle interactions, and in ordered structures this gives rise to
Bragg peaks, which detail the distances between ordered structures. These Bragg peaks form
characteristic patterns dependent upon the symmetry of the ordered structure.
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As observed scattering patterns are due to inhomogeneities in the distribution of electrons in the
sample and these differences can be between types of atoms, individual molecules or molecular
assemblies, the ability of SAXS to probe distances in the nanometre domain makes it suitable
for the analysis of the order within the liquid crystal microstructure, such as bilayer repeat
distances in lamellar phases. SAXS has been used to characterise lyotropic liquid crystals for
many years, with characteristic patterns of Bragg peaks observed for different mesophases.
The lamellar phase in its ideal L¸ form gives the most simple of these patterns, with q values in
the ratio of 1:2:3:4:5:6. . . , whilst hexagonal phases give q value ratios of 1:

p
3:

p
4:

p
7:

p
9:

p
12. . .

and cubic phases give different ratios dependent upon their structural arrangement. In addition
to the peak ratios, q spacings, the peak intensities and the sharpness of peaks, as well as
the presence of any smaller and broader peaks, provide further information of the mesophase
structure. Example patterns are shown in Figure 2.7.

Figure 2.7: Examples of SAXS data for lamellar and hexagonal phases.

While SAXS provides information about the order and interaction between lamellar bilayers,
the use of WAXS to measure the scattering at wide angles provides information at the
atomic lengthscale. WAXS can therefore provide information about the internal bilayer structure
and thickness, displaying patterns characteristic of different hydrocarbon arrangements and
interactions. The L¸ phase with disordered “fluid” hydrocarbon environments give rise to one
broad signal, while more ordered phases give rise to series of sharp signals (for an example
see Figure 2.8).

Although SAXS analysis can provide information that allows us to infer structural information,
SAXS patterns themselves do not give morphological information directly. It is the intensity
of the Fourier transform of the electron density, which is then interpreted to give structural
information. Limitations of the technique arise in the interpretation of the scattering pattern,
as two different morphologies can potentially give rise to very similar scattering patterns, from
which conclusions are drawn. As such it is essential that SAXS is carried out in conjunction
with other techniques or that other structural information is already available. In the case of
the systems investigated here, SAXS analysis is a complementary technique to the optical and
electron microscopy techniques detailed in this section. SAXS gives averaged results that are
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Figure 2.8: An example of SAXS/WAXS data with 2D and 1D representations shown.

representative of the sample, but cannot provide the small, localised structure information that
microscopy techniques provide.

Small angle X-ray scattering experiments were performed using a SAXSess system (Anton-
Paar GmbH), with a PANalytical PW3830 X-ray generator operating at 40 kV and 50 mA,
and producing Ni-filtered Cu K¸ radiation with a wavelength of 0.1542 nm. Samples were
loaded in quartz flow cells and the temperature was controlled using a TCS 300-c sample
stage. The maximum temperature was limited to 90 �C in accordance with the manufacturer’s
recommended guidelines for the flow cell. Where samples were too viscous for loading in a
flow cell, a paste cell was used; however, this was found not to be air-tight on heating and the
samples were sheared significantly during the loading process.

The 1D scattering curves were obtained using a line collimation system and captured using
a Princeton Instruments-SCX CCD camera, with a sample-to-detector distance of 309.0 mm
(exposure time 360 ⇥ 10 sec). The 2D SAXS and SAXS/WAXS images used to investigate the
orientational behaviour of samples were obtained using a point focus collimation and imaged
on two-dimensional phosphor storage plates (exposure time 90 min). Images were obtained
using a Perkin Elmer Cyclone Plus imaging plate reader operated using OptiQuant software.
A sample-to-detector distance of 261.2 mm was used. Unfortunately, equipment malfunction
meant that the CCD camera was not available throughout the experimental work, so the
investigation of some systems was limited to 2D studies, with 1D profiles then obtained via
Azimuthal integration of the 2D data.
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Optical Microscopy

Polarising optical microscopy (POM) has long been a standard technique in the study of liquid
crystals. This is because the anisotropy of different phases gives rise to optical textures with
characteristic patterns, allowing the phases to be distinguished from one another. This provides
a quick and convenient way to directly view a sample and obtain characteristic macroscopic
structural information. The use of a heating stage allows temperature-based transitions to be
observed and so aids in the construction of a phase diagram. However, not all phases can be
distinguished using this technique and information inferred about surfactant microstructure is
limited.

POM utilises the birefringence property that some liquid crystalline phases exhibit. Upon
interaction with an anisotropic material, light is doubly refracted into two waves of different
velocities and orthogonal polarisations (shown in Figure 2.9). The two waves have different
refractive indices (n), where n = c/v (c is the velocity of light in a vacuum and v is the velocity of
light in the material). The refractive indices change with changes in polarisation and direction
of propagation of light through the material.

Figure 2.9: An anisotropic material between crossed polarisers displaying birefringence. Image
property of Olympus America Inc.© 65

Any birefringence displayed by a mesophase is governed by its structural morphology. The
three-dimensional order in cubic phases gives rise to equivalent refractive indices, such that
n1 = n2 = n3, and so cubic phases do not exhibit birefringence and are optically isotropic.
This is also the case for completely disordered phases, such as the sponge phase. In cases
where two indices are identical, and so differ in only one direction, such that n1 = n2 6= n3,
structures exhibit birefringence and are said to be uniaxial. This is the case for lamellar and
hexagonal mesophases, with the birefringence given as �n = n3 � n1. Note that n1 is often
termed no or nk, representing the ordinary index, and n3 is often termed ne or n?, describing the
extraordinary index. The optical anisotropy in uniaxial systems can display positive or negative
birefringence, dependent upon whether n1 or n3 is larger. When n1 is larger, meaning that the
refractive index perpendicular to the longest (or director) axis is larger (such as in hexagonal
phases), the birefringence is considered to be negative. Conversely, when n3 is larger than n1,
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due to the refractive index parallel to the director axis being larger (as is generally the case
in the lamellar phase), the birefringence is positive. In cases where all three refractive indices
are distinct, the materials are termed biaxial, and the birefringence is defined as the difference
between the largest and smallest indices. This is the case for rarer phases such as rectangular
and distorted variations of hexagonal phases.

In a typical polarising optical microscope, light travels from the source and through a polariser
before interacting with the sample, which is mounted on a rotatable heating stage to control
the orientation and temperature of the sample. After passing through the sample, light passes
through a second polariser placed at a 90� angle to the first. This crossed polarisation means
that the only light observed has undergone a change in polarisation, due to optical retardation
with the two perpendicular components growing out of phase. A camera mounted above the
microscope allows the recording of textures as high definition images.

The orientation of a liquid crystalline phase will normally vary throughout a sample under a
microscope. This is particularly true for a phase with many differently orientated domains or
defect points, such as a lamellar phase, where the director axis drastically changes. Where the
director is orientated parallel or perpendicular to the polarisers, the area will appear dark as
the incident light propagates according to a single index of refraction, and no light passes
through the second of the crossed polarisers. When the director is orientated at an angle
between 0 and 90�, a phase difference between two indices of refraction is observed. The
light is then elliptically polarised and will pass through both crossed polarisers, resulting in
the area appearing bright. As the orientational order changes upon mesophase evolution (via
changes in temperature, concentration or shear), the indices of refraction and thus optical
textures observed will vary. As the amount of optical retardation is a function of the wavelength
of the light, a variety of colour intensities can be observed. Additionally, microscopes can be
fitted with quarter-wave plates, which convert linearly polarised light to circularly polarised light.
These plates can enhance the visibility of samples and can be used to determine the sign
of birefringence of materials. This is particularly useful in identifying different phases within a
single sample.

Examples of POM textures that will be regularly encountered in this thesis are shown in Figures
2.10 and 2.11. Figure 2.10 shows two examples of lamellar defects, while Figure 2.11 shows
images characteristic of lamellar and inverse hexagonal phases with various defect structures.

Figure 2.10: Examples of FCD-II (left) and FCD-I (right) defects commonly encountered in this
research, observed using POM. Scale bars are 40 —m.
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Figure 2.11: Examples of POM textures encountered in this research. Scale bars are 50 —m.
(a) A L¸ phase with a number of Maltese crosses of various sizes that identify the primary defect
type as that of FCD-II defects (spherulite/onion-like structures of positive Gaussian curvature
and disclination strength s = +1).
(b) A L¸ phase with defects of predominantly negative Gaussian curvature, of the type FCD-I,
that aggregate to form chains, termed oily streaks. Individual defects may be observed, or
defects may form striated bands in which individual FCD-Is cannot be distinguished.
(c) A L¸ phase at high concentration in which the various defect structures are packed into a
characteristic mosaic-like pattern.
(d) An inverse hexagonal phase exhibiting a characteristic fan texture. Focal conic surfaces
form to minimise the local strain energy and distinct lines or brushes separating domains are
due to the changing curvature around line disclinations of s = ±1/2.
(e) A second representation of an inverse hexagonal phase, where a fan-like pattern is still
observed, but the phase appears brightly coloured due to the thickness of the sample.
(f) A concentration gradient image captured using a quarter-wave plate. Water penetrates
towards the pure surfactant creating a gradient of the phases found in the system.
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Despite being one of the standard techniques used to characterise phase behaviour in the
broad field of liquid crystal research, POM does have several drawbacks and introduces some
experimental difficulties, particularly when studying lyotropic systems. These problems arise
from difficulties associated with preserving the structure of the sample upon preparation and
keeping the concentration of the sample constant over the time period of heating and/or
study. Sandwiching a sample between a glass slide and a cover slip inevitably introduces the
possibility of applying significant shear to a sample and therefore changing its morphology. It
is also a challenge to ensure that samples of different viscosities are examined at comparable
thicknesses. To minimise these problems in this thesis, all microscope slides were prepared in
triplicate and images were only captured when considered to be representative of the texture
presented by the sample on all slides. Cover slips were placed onto the sample with care
directly under the microscope to ensure no deviation from the texture observed in the bulk
sample droplet. In addition, flattened capillaries with defined 100 —m path lengths (termed
“microslides”) were used to compare different concentrations at the same thickness. Samples
were not studied solely using microslides due to loading shear often resulting in monodirectional
alignment of the sample.

As all the systems studied contain water as the solvent, unsealed samples can lose or gain
water over time resulting in a concentration change. However, such changes occur gradually
(starting at the edge of the slide) and are generally clearly evident. To prevent this issue,
all slides were prepared directly before analysis and any slides that were kept for a longer
period of time were sealed with a quick-drying epoxy resin that was not miscible with the
sample. Potential concentration changes are more problematic in temperature investigations
and sample confinement is necessary as sample flow is promoted by the decrease in viscosity
and increase in thermal energy associated with heating. In these cases, samples were sealed
with an epoxy putty (KnetFlux®) with a melting temperature of 240 �C, or in a microslide sealed
with polytetrafluoroethylene (Teflon®) tape, which has a melting point of 327 �C.

All microscope slides were examined using a Nikon OPTIPHOT2-POL optical microscope
equipped with crossed polarisers, a quarter-wave plate, and a rotating sample stage, at 40, 100
and 200 ⇥ magnification. The temperature was controlled using a Mettler Toledo heating stage
accurate to ±0.4 �C. Images were acquired using a Nikon D200 digital single-lens reflex camera
fitted to the microscope. Concentration gradients were prepared by the standard isothermal
concentration gradient method, in which a small amount of pure surfactant is placed between
a microscope slide and cover slip (either as a thin layer of the pure wax or as melted crystals)
and a droplet of water added at one side of the cover slip. As the water gradually penetrates the
surfactant, a gradient is formed and the phase progression of the system is revealed through
the appearance of bands of characteristic patterns. The water penetration was observed under
the microscope, and images were captured under crossed polarised light with and without a
quarter-wave plate. Where possible, microslides were loaded by capillary action, but many
samples were loaded via syringe due to their high viscosities. All POM images were collected
at room temperature unless stated otherwise.
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Cryogenic Scanning Electron Microscopy

In contrast to SAXS, which provides structural information on a macroscopic scale, scanning
electron microscopy (SEM) can be used to probe defect architectures and local structure in real
space. The sample surface is imaged by a high-energy electron beam, focused to a spot less
than a nanometre in diameter, and scanned in a raster pattern over a rectangular area of the
specimen surface. The resulting signals arising from the electron beam–specimen interactions
produce high-resolution images revealing the surface topography with structural detail as low as
1 to 5 nm in size. The narrow electron beam results in SEM micrographs having a large depth
of field, producing images that detail the three-dimensional structure at the sample surface.
Reducing the size of the raster scan increases the magnification, and a typical SEM has a wide
range of control over magnification, normally from ⇥10 to ⇥500,000 (however, the resolution
capabilities are reduced when SEM is adapted for cryogenic use).

Various signals are produced when the primary electron beam interacts with the sample surface
in SEM analysis, including secondary electrons, back-scattered electrons, characteristic X-rays,
cathodoluminescence, Auger electrons, transmitted electrons and specimen current. Sec-
ondary electron detectors are generally found in all SEMs, and this detector type was used to
image lyotropic liquid crystalline samples in this work. Secondary electrons are produced when
an electron from the primary beam collides with an electron from a specimen atom, causing an
ionisation event and the emission of an electron. At the detector, the signals representing these
electrons are electronically amplified and displayed as variations in brightness on a cathode ray
tube, before being captured digitally.

The specimen chamber in an SEM instrument is kept under high vacuum and so conventional
SEM samples must be dry. This is obviously not feasible for water-based samples such as
the surfactant/water systems in this work. Instead, a replica of the sample must be made
or cryogenic scanning electron microscopy (cryo-SEM) used, in which a droplet of sample
is frozen and viewed at low temperature (the microscope’s specimen chamber is maintained
at �140 �C). These techniques allow the samples to be etched and fractured, exposing the
internal structure and allowing visualisation of internal order. As such, cryo-SEM can be used to
provide insight into the degree and nature of defects in lyotropic systems. As well as visualising
domain sizes and point defects, information about sample topology can be inferred through
visualisation of the curvature and connectivity of surfaces revealed by sublimation.

While various freeze-fracture electron microscopy techniques have been used in previous
studies of lyotropic liquid crystalline systems, instrumentation advances have resulted in a
change in methodology. Compared to the replica-based procedures used previously, modern
techniques allow samples to be viewed under the microscope directly. Both methods involve
similar freezing and fracturing, with a thin layer of sample sandwiched between two plates being
rapidly vitrified for maximum preservation of the structural morphology. Previously, the fracture
face was replicated with carbon and platinum vapour deposition creating a thin film, which was
then studied under the microscope. While this was a time-consuming process producing fragile
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films, the films were resistant to electron-beam damage and the resolution of the microscope
was not limited by the need to operate at low temperatures. This allowed the capture of high-
resolution transmission electron microscopy (TEM) images, and samples could be stored for
later reference.

With modern instruments, samples can be frozen, fractured and then viewed directly under the
microscope. This is a faster process, and facilitates the preparation of much larger numbers
of samples. The greater number of samples, and so increased diversity of fracture planes,
provides a better overview of the features present in samples and greater confidence in the
validity/reproducibility of results. However, samples are more susceptible to electron-beam
damage, cannot be stored and re-imaged, and do not allow for the resolution required to
capture high magnification images of single defect centres or bilayers. The advantages of direct
imaging have been heralded;66 however, the decline of replica-based methods has also been
lamented.67 Samples in this work would ideally have been prepared using both methodologies
and analysed via SEM and TEM; however, the capability to prepare replicas (which may have
allowed for improved resolution, especially of highly viscous samples) was not available.

As SEM rather than TEM was used in this work, the achievable resolution was limited
and individual bilayers and connections could not be resolved. However, a broad array of
data were available at low magnifications, and the direct imaging of samples provided a
superior depth of field, revealing global structural information. In particular, defect structures
from the macroscale to the sub-microscale were observed, and the cryo-SEM images ob-
tained corroborate the POM investigation and further reveal the nature of domains, domain
boundaries, point defects, and series of line defects. Despite the achieved resolution being
insufficient to observe local structural defects, the topological nature of the sample can still
be cautiously inferred as some local features manifest on larger lengthscales, and the variety
and depth of fracture planes reveals the 3D surface, thus providing information regarding
curvature and degree of connectivity/porosity. Before cryo-SEM can be confidently used as a
characterisation technique, reliable freezing and sublimation procedures must be established,
and the reproducibility and representativeness of each sample confirmed. Additionally, it should
be used as a complementary technique rather than in isolation, as the unpredictable nature of
the sample fracture can result in sample features being misidentified. In this work, the cryo-SEM
images produced are in excellent agreement with those obtained by POM, which (alongside the
study of multiple samples of equivalent concentrations) indicates that the sampled materials
are representative of the bulk. A large range of images are provided in this work to reveal
structures on different lengthscales, and low magnification images are provided in addition to
those at higher magnifications to demonstrate that the structural features highlighted at high
magnification are representative of the whole sample. A non-destructive sublimation procedure
was established after trialling a range of sublimation times and temperatures, and samples
were imaged before and after sublimation to ensure the preservation of structural features (it
should be noted that sublimation can cause an apparent swelling of structural features but this
was not evident upon use of the established procedure).
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A common method of sample preparation for cryo-SEM is a plunge-freeze method in which a
small amount/droplet of sample is mounted on a stub attached to a sample holder at one end
of a long transfer rod. The sample is rapidly frozen in a liquid nitrogen slush (~�210 �C) before
being transferred under vacuum to the preparation chamber. The sample is then fractured with
a knife to expose the internal microstructure, sublimed to remove superficial water, and coated
with a thin layer of platinum to make it conductive. The sample is transferred to a cold stage in
the SEM chamber and observed at low temperature. Although this method was followed initially
in this work, it was found to be inadequate as much of each sample was not frozen/vitrified at
a sufficiently rapid rate, and samples were riddled with artefacts due to the formation of ice
crystals upon quench cooling. Examples of poor freezing are shown in Figure 2.12, in which
only a small region at the edge has negligible ice damage. Similar images are frequently found
in the literature, despite the obvious damage to the sample microstructure.68 Cryo-protective
agents such as glycerol and DMSO are available, but were not used in this study as additives
can dramatically affect the phase behaviour of liquid crystalline systems.

Figure 2.12: Cryo-SEM images of samples frozen at an insufficiently rapid rate. The three
areas of (a) show the outside of the droplet, the edge of the droplet providing “real” information,
and the damaged internal microstructure (also shown in (b), note the non-uniform size of the
pores).

To improve sample vitrification, the above method was altered to maximise the surface area-to-
volume ratio of the sample. A pair of tweezers was modified to enable clamping of two copper
rivets together, and small sample volumes were sandwiched between the rivets creating a thin
layer of sample. The tweezers were then plunged into a nitrogen slush and the rivets mounted
on a sample stage and transferred to the SEM preparation chamber. This sandwiching method
is based on a report by Issman et al.69 and produced consistent results and predominantly
uniform samples (see Figure 2.13).

Due to the additional complications involved with frozen samples, we were unable to use
the SEM to its full resolution capability for two reasons. Firstly, the cooling system used to
keep the microscope chamber at �140 �C resulted in significant vibration and hence image
distortion. This problem was most severe at high magnifications, when images were captured
at slow scanning rates in a small raster pattern. Secondly, the surfactant samples were prone
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Figure 2.13: Cryo-SEM images obtained via the sample preparation method used in this work.
Image (a) shows an individual defect, while (b) shows series of aligned defects and regions of
lamellar bilayers orientated in different directions.

to significant damage, in relatively short periods of time, when exposed to the electron beam.
This was observed in all samples at magnifications of ⇥40,000, and at magnifications as low
as ⇥5,000 in highly concentrated/viscous samples. The fragility of the samples also meant that
backscattered electron analysis was not feasible, which is unfortunate as the combination of
this technique and high resolution imaging may provide important information about the nature
of the surfactant counterion.

During the later stages of this work, a liquid propane jet-freezer (generally considered second
only to a high-pressure freezer for vitrification of thick or viscous samples‡) became available
for use. This technique involves sandwiching a droplet of sample between two copper plates,
creating a thin layer of sample to allow efficient freezing, and is comparable to the sandwiching
of material between two copper rivets discussed above. The images obtained using this method
were comparable with those obtained via the previously described method, providing similar
levels of structural detail (see Figure 2.14).

The experimental work was conducted using a Jeol JSM-6500F microscope fitted with a Gatan
Alto 2500 cryo attachment, operated at accelerating voltages of 3–10 kV. The cryo-preparation
chamber was operated at �140 �C and samples were sublimed at a maximum of �95 �C for
5 min to enhance the topological contrast, and coated with up to three 120 sec sputter coatings
of Pt. Upon cooling to �140 �C, samples were transferred to the microscope chamber via an
interlocked airlock and the microscope was maintained at �140 �C.

‡High-pressure freezing efficiently vitrifies samples as the pressure (2,100 bar) is too high for water to crystallise.
However, alcohol is used as a pressure-transducing liquid, potentially making it unsuitable for lyotropic systems.69
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Figure 2.14: Cryo-SEM images for a single sample obtained with different sample preparation
methods. The results of the method employed in this work (left) are comparable with those
obtained using a jet-freezer (right).
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Alkali Metal Counterions
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Chapter 3

Sodium Aerosol OT

Sodium AOT: Introduction

Sodium bis(2-ethylhexyl) sulfosuccinate is an anionic surfactant, commonly referred to by the
commercial names Aerosol OT, AOT, docusate and DOSS (dioctyl sulfosuccinate). In this thesis
it is referred to as Na-AOT, to allow distinction between the systems discussed in subsequent
chapters, where different counterions are used. It is a two-tailed surfactant, with each tail further
branched with an additional short alkyl chain (see Figure 3.1). Although the two hydrophobic
(2-ethylhexyl) chains are identical, the molecule is asymmetric due to the structure of the
polar sulfosuccinate headgroup. One ester group is separated from the sulfonate group by an
additional methylene unit, giving rise to non-equivalent acyl groups. Thus, the branching point
of the non-identical chains (C1) is a chiral centre. Each tail has a further chiral centre within the
hydrophobic region (C4 and C40) due to the tail branching. The presence of three chiral centres
results in eight possible stereoisomers that exist as four enantiomeric pairs. The hydrophilic
headgroup is anionic upon dissociation of the sodium cation in solution. The linear length of the
molecule has been reported as ~12 Å, and ~15 Å when associated with a water molecule.70

Figure 3.1: Molecular structure of Na-AOT.
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Given the widespread importance of surfactants in a huge array of practical applications (the
estimated annual global surfactant production exceeds 16 million tons, and is forecasted to
reach 24 million tons with a market worth of US$46 billion by 202271) it is unsurprising that
Na-AOT, a surfactant with a relatively low cost and ease of manufacture, has undergone
extensive study. A structure search for Na-AOT provides in excess of 14,500 references and
highlights its increasing industrial importance (see Figure 3.2).‡ It is used in a wide range
of applications, including as an emulsifier, dispersant, wetting agent, food additive, pesticide
adjuvant, and as a non-active component of various medications. Additionally, Na-AOT is
on the World Health Organization’s List of Essential Medicines, due to its use in treating
constipation.72 It is also the most widely used surfactant in studies and applications involving
reverse micelle encapsulation.73

Figure 3.2: Plot showing the increasing number of Na-AOT publications between 1900 and
2015.

Aside from the low cost, Na-AOT is a popular choice for a diverse range of applications due
to its numerous useful properties, which make it an efficient and versatile surfactant. It has a
low CMC (0.12 wt % in water), excellent solubility in both polar and non-polar solvents, and
good thermal stability.48,74–76 Also, its ability to dramatically decrease surface tension makes it
an excellent wetting agent.77 One of the most useful, and uncommon, properties of Na-AOT is
the ability to form reverse micelles in oil/water mixtures in the absence of a cosurfactant. It was
the first surfactant reported to have this property and has since been estimated to be utilised
in over 90 % of research using reverse micelles.73,78 As a cosurfactant is not needed, Na-AOT
can form both discrete droplet and bicontinuous microemulsions in ternary systems that are
more simple than the quaternary systems required by other surfactants to produce the same
behaviour. As such, Na-AOT has often been studied as a model system for microemulsions
due to its remarkable properties.

‡Literature search conducted November 2016.

46



Sodium AOT: Introduction

The versatility of Na-AOT is highlighted by the work of Nave et al., who produced a four-
part series of papers titled “What is so special about AOT?”.48,75,79,80 They investigated the
underlying reasons for the efficiency of Na-AOT in a variety of roles (which often outperforms
other surfactants), and whether or not the cause is unique to its molecular structure. They
produced a series of analogous molecules with structural variations in the degree of chain
branching, headgroup structure and tail region polarity, and revealed several interesting find-
ings. All of the branched surfactants studied form ternary systems with microemulsion phases.
In contrast, none of the equivalent linear surfactants are able to stabilise microemulsions without
the addition of a short-chain alcohol to act as a cosurfactant.

Calculations of the effective headgroup area of Na-AOT at the hydrophobic/hydrophilic interface
showed that the addition of branching to the surfactant tails results in an area up to 20 Å2 larger
than in the linear variants (an increase of ~40 %) at the CMC.48 The increase in the effective
interfacial area was also shown to be greater if an additional CH2 group was added to the
tail region rather than the headgroup. This highlights the importance of the surfactant tails
within these systems in determining the molecular packing.79 While Nave et al. concluded that
Na-AOT is not unique, in that it fits within the logical progression of series of analogues with
varying tail structures, they also showed that formation of microemulsions requires a certain
degree of disorder within the hydrophobic domain so that negatively curved interfaces can
be stabilised. In most systems, this disorder has to be provided through the inclusion of an
additional component, whereas in Na-AOT, this disorder is provided through the alkyl branches.
Nave et al. showed that the sulfosuccinate motif can be used to produce a range of versatile
surfactants with properties that can be significantly altered by modification of the alkyl chains.
In particular, such changes alter the solubility of the surfactants with respect to temperature. In
the case of Na-AOT, the combination of the relatively short tails and the positioning of the ethyl
branches at C4 and C40, in close proximity to the headgroup, result in a hydrophobic/hydrophilic
interface that allows the beneficial properties of Na-AOT (including its excellent solubilisation
properties) to prevail at room temperature, another major factor increasing its practical use.

The surfactants synthesised by Nave et al. were not investigated in terms of liquid crystalline
behaviour, as their study primarily focused on the solubility properties of the surfactants at
high dilutions. However, in the case of Na-AOT, the full aqueous phase behaviour has received
considerable attention in the literature, and the system has been shown to form an array of
lyotropic phases. The inherent molecular shape of Na-AOT, which can in general terms be
described as having a slightly bulkier hydrophobic region than hydrophilic headgroup, results
in the preferential formation of lamellar and Type II structures with little or negative interfacial
curvature. The fact that these structures persist over a wide range of surfactant concentrations
and temperatures, along with the commercial importance and accessibility of Na-AOT, led
to the system being used as a model in the early study of bilayered systems. Currently, the
liquid crystalline phases of Na-AOT are used in a variety of applications, such as templating of
functional materials81,82 and drug delivery systems.83,84

Despite being extensively studied, with investigations spanning over five decades, the lyotropic
behaviour of Na-AOT is still not completely resolved. The evolution of the microstructure of the
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phases upon increasing concentration is still a subject of debate. Simplistic rationalisations of
surfactant self-assembly, such as the surfactant packing parameter, have been shown to neglect
the role of the hydrophobic tails on the interfacial packing.85 The work by Nave et al. shows
that the bulky and branched tails in Na-AOT are clearly important in facilitating the formation of
cosurfactant-free microemulsions. It is likely that the tails are also of fundamental importance
in governing the aqueous phase behaviour at higher concentrations to a greater extent than in
“normal”, unbranched surfactants.

Sodium AOT: Phase Behaviour

The binary Na-AOT/water phase diagram is shown in Figure 3.3. At surfactant concentrations
above the CMC (0.12 wt % Na-AOT), a micellar phase extends to 2.5 wt % Na-AOT (at 25 �C).
A relatively wide two-phase region exists between this aqueous solution and a lamellar phase
formed at higher concentrations. This two-phase region consists of micelles and dispersed
lamellar bilayers, and has been reported to exist up to ~10 wt % Na-AOT.63,86 However, it has
also been noted that for Na-AOT concentrations up to 17.5 wt %, the lamellar phase formed is
unstable, and samples are liable to phase separate under the high gravity fields of centrifugation
generally used in achieving sample equilibration. As such, some researchers have chosen to
assign the two-phase to lamellar phase boundary to a Na-AOT concentration of 17.5 wt %.87

Figure 3.3: Phase diagram of Na-AOT, showing a two-phase region (2P) and lamellar (L¸),
inverse bicontinuous cubic (VII) and inverse hexagonal (HII) phases, reproduced from Rogers
and Winsor.64

A lamellar phase dominates the phase diagram of the system, extending up to 77 wt %
Na-AOT at 25 �C. This phase has, however, been reported to show anomalous or discontinuous
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behaviour at concentrations of approximately 33–45 wt %. Within this range the lamellar phase
has been reported to show unusual electrical conductivity, birefringence, water diffusion and
swelling behaviour upon changes in concentration and temperature.47,63,86 This behaviour
indicates that a structural rearrangement may occur within this region, incongruous with
classical lamellar swelling behaviour. Due to its discontinuous nature, the lamellar phase has
previously been described in terms of three concentration regions – termed low, intermediate
and high – which will be referred to as LCR (10–33 wt % Na-AOT), ICR (33–45 wt % Na-AOT)
and HCR (45–76 wt % Na-AOT), respectively. The lamellar phase of the system is discussed
in greater detail in the next section.

At Na-AOT concentrations above 77 wt %, the system forms Type II structures, with an
inverse bicontinuous cubic phase and an inverse hexagonal columnar phase observed. The
viscous bicontinuous cubic phase exists over a narrow concentration range between 77 and
82 wt % Na-AOT. The three equivalent refractive indices of the cubic phase mean this phase
is isotropic and shows no birefringence under a crossed polarised microscope. The phase
has been confirmed by X-ray diffraction studies and presents up to eight Bragg reflections of
varying intensities, in the ratio
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13.88 Thus, the phase has been

characterised as a body-centred cubic structure with the space group Ia3d and the unit cell
parameter is reported as 69 Å. Such structures exist as short identical amphiphilic rods, wherein
the surfactant headgroups are facing inwards, and the rods are assembled in equivalent,
interpenetrating, but unconnected, three-dimensional networks. Above 82 wt % Na-AOT, the
system forms an inverse hexagonal phase, wherein water is confined within amphiphilic rods
that are arranged in a two-dimensional lattice. This phase presents characteristic fan-like
textures under crossed polarised microscopy and produces Bragg reflections in the ratio
1:

p
3:

p
4 by X-ray diffraction,88 indicative of a P6m space group.‡ Molecular modelling studies

have further indicated that whilst the configuration of pure Na-AOT is hexagonal, it is trigonal
on a local scale, with the cross-section of each rod containing three Na-AOT molecules with
polar headgroups facing inwards and the protruding tails efficiently packed, with tessellating
ethyl branches.89

Aside from changes with surfactant concentration, the weak interactions that govern the self-
assembly of the Na-AOT system are dependent on changes in temperature, ionic strength, pH
and additives. The effect of temperature is shown in the phase diagram, which shows that the
temperature at which the transition to an isotropic solution occurs changes significantly with
concentration. This transition temperature increases with concentration up to approximately
60 wt %, decreases in the vicinity of the cubic phase, and increases again in the hexagonal
region.

Of the ternary systems that have been produced with Na-AOT, the inclusion of NaCl is most
relevant to this work, as it shows that the phase behaviour of the system can be manipulated
through changing the electrostatic contribution to the free energy. In particular, it implies that

‡Note that it has also previously been reported that the
p

4 reflection is not observed in the Na-AOT system,
but that the

p
7 is observed.89 The SAXS experiments carried out for this thesis are in agreement with the data

published by Ekwall et al., 88 with peaks in the ratio 1:
p

3:
p

4 observed. However, the intensities of the
p

4 and
p

7
reflections may be dependent on concentration, equilibration time or shear effects upon sample loading.
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the bilayer elastic constants » and »̄ are susceptible to these changes. It has been reported that
the increase in ionic strength upon addition of 1.3–1.7 wt % NaCl to the system results in the
stabilisation of the lamellar region to concentrations as low as 5 wt %.90 The addition of NaCl in
excess of 2 wt % promotes the formation of sponge and bicontinuous cubic phases dependent
upon the Na-AOT concentration, and the coexistence of sponge and lamellar phases in the
water-rich region of this system.

In the Na-AOT/H2O/NaCl system, the stabilisation of the lamellar phase to low Na-AOT
concentrations indicates that the bending rigidity of the Na-AOT bilayer (») is in the range
of the thermal energy kBT, such that thermal undulations may also be a governing factor in
the phase stabilisation. The formation of a sponge phase, upon the addition of relatively small
amounts of electrolyte, indicates that the lamellar phase is already subjected to a high degree
of curvature and that it likely contains connective defects between bilayers. The topology of the
sponge phase is induced due to changes to »̄. If both » and »̄ are susceptible to change, and
these changes induce phase transitions, upon shielding of the electrostatic contribution of the
counterion, then it is likely that altering the counterion itself will also bring about different phase
behaviours, a matter further discussed in subsequent chapters.

Sodium AOT: Lamellar Phase Literature Review

As stated previously, although the phase diagram of the Na-AOT/water system was reported
in 1967, the evolution of the lamellar phase microstructure over its full concentration range
has not been satisfactorily characterised. As the primary focus of this thesis is the formation
and manipulation of the lamellar phases produced by a family of AOT-related systems, the
anomalies reported for the Na-AOT lamellar phase must be addressed before the system can
subsequently be used as a base system for comparison with related surfactants. To do this, we
must first review the work reported in the literature for the Na-AOT system and consider the
validity of the conclusions. The liquid crystalline behaviour of the system has received much
attention, with reports spanning over five decades, yet the system still provokes debate. Reports
in the literature provide conflicting and sometimes paradoxical results, and are rationalised in
different ways. Various structural models have been proposed to account for the anomalies
in the system, but as yet, no single model has adequately explained all the experimental
observations.

One reason for the confusion surrounding the Na-AOT system may stem from the fact that it
was among the first systems to have its liquid crystalline phase behaviour fully characterised.
Binary and tertiary Na-AOT systems underwent a period of great interest in the late 1960s and
early 1970s, as the field of liquid crystals became popular. These initial investigations provided
insight into the chemistry of concentrated surfactant systems and laid the foundations of later
research. However, much of this work pre-dates many modern experimental techniques and
instrumentation advances, and as such, it should not be surprising that some of the conclusions
drawn have since been shown to be erroneous by subsequent advances in the understanding
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of the self-assembly of lyotropic liquid crystals. However, this early work is still frequently cited
in the literature and some of the proposed models used to explain the behaviour of the lamellar
phase incorporate these outdated ideas. In particular, the SAXS data reported by Fontell have
misled later researchers and will be discussed in more detail below.63

Generally, research fields display a cumulative increase in the knowledge base, with newer
studies building upon those that preceded them. However, the literature relating to the liquid
crystalline behaviour of Na-AOT does not always follow this logical progression. This may
in part be due to the surfactant having been referred to by a variety of names in different
fields. Additionally, much of this research pre-dates the modern-day convenience of electronic
resources such as online database searches and supplementary data files, meaning that much
of the research was completed in comparative isolation, with little knowledge of concurrent or
previous studies. One significant example is the introductory statement in a paper by Sheu et al.
in 1987 (more than 20 years after the phase diagram of the Na-AOT system was produced) that
the system forms “a mesomorphous phase consisting of parallel rod-like aggregates of AOT
molecules in hexagonal array” below 29 wt % Na-AOT, and a lamellar phase up to a Na-AOT
concentration of 82 wt %.91 Like others before us,92 we can find no published evidence to
support this claim, and our own investigation shows it to be erroneous. The fact that a cubic
phase was not reported at 78–82 wt % Na-AOT implies that this assertion may have been
based upon outdated observations. Regardless, these claims clearly contradict the accepted
behaviour of the system, yet the aggregation behaviour at concentrations below 29 wt %
Na-AOT has been cited as if accurate as recently as 2015.93

A further possible complication is the report from Hubbard et al. that Na-AOT samples of some
concentrations can take over three months to fully equilibrate.94,95 This raises the question of
whether or not different research groups have reported upon the system at different states of
equilibration, rather than the truly energetically preferred state. If studies of the system have
been carried out on samples that are actually in different metastable states or have significantly
different defect structures, then it may explain some of the erroneous data and conflicting
reports that can be found in the published literature.

The above issues make it difficult to discuss the history of Na-AOT research in a chronological
fashion, and the sheer quantity means we are also unable to detail all work to date. As such,
the literature discussed below is that which is most relevant to the present study (i.e. possible
structural changes within the Na-AOT lamellar phase region, from molecular to micrometre
lengthscales) and will be addressed in terms of the experimental technique used.

Early Work

Aside from early communications in which Na-AOT was incorrectly reported to exist as a
lamellar phase at all concentrations,96 the first full characterisation of the liquid crystalline
phase behaviour of the system was carried out by Rogers and Winsor.64,86 They primarily
used polarising optical microscopy and reported the effects of concentration, temperature and
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several additives on the system, showing the phase behaviour to be dependent upon all three.
They also reported an anomaly in the lamellar phase region, having observed the birefringence
to undergo a change in optic sign, switching from negative to positive with increasing surfactant
concentration. This was deemed to be counterintuitive, as birefringence is normally expected
to decrease with reduced solubility. Additionally, they observed the change in optic sign upon
increasing temperature and rationalised it in terms of a significant change occurring within the
polar headgroup of Na-AOT. However, this was later discounted when it was shown that the
headgroup does not appreciably change in size within the lamellar region.63

Rogers and Winsor undoubtedly completed a comprehensive microscopy investigation of the
Na-AOT system in order to compile the phase diagram. Unfortunately however, they did not
publish the microscopy images they obtained and the work pre-dated any interest in the defect
behaviour of lyotropic systems. As such, we are unable to infer anything beyond the reported
phase progression and change in birefringence. POM is of course a standard experimental
technique in the study of lyotropic liquid crystals and so other groups have routinely used
it when investigating the Na-AOT system. However, this has generally been to confirm the
equilibration of the samples, or to illustrate the effect of shear on samples. A full range
of microscopy images showing the whole lamellar region is not available and a definitive
characterisation of the defect behaviour of this system has not been published.

Another common tool in the elucidation of lyotropic phase diagrams is X-ray diffraction.
In the case of Na-AOT, several groups published X-ray results of the system. Philippoff
et al.96 and Park et al.97 elucidated the basic phase transitions, but provided an insufficient
range of samples to fully explore the lamellar phase. Fontell provided a comprehensive X-ray
investigation, and defined three concentration regions based on different behaviours (LCR,
ICR and HCR).63 Fontell’s results show that the thickness of lamellar bilayers and the area of
the polar headgroup remain approximately constant throughout the lamellar region. He also
showed that the swelling behaviour of the bilayers upon dilution is one-dimensional in the LCR
and HCR, ranging from ~180–20 Å at each extreme. In the ICR, Fontell observed only one weak
reflection (rather than the two seen for the other regions), which occurred at a q value double
that expected for one-dimensional swelling. He concluded that a break in one-dimensional
swelling and an associated structural rearrangement take place, involving a drastic change
in the bilayer repeat distance.

It has since been generally accepted that the assignment of the single observed peak in the ICR
as the first-order lamellar Bragg peak was erroneous, and the peak is actually the second-order
lamellar peak (this will be discussed in greater detail later in the chapter). As such, the implied
(but highly unlikely) drastic compression and expansion of bilayers within the lamellar region
does not in fact occur. It should be noted that Fontell’s peak assignment was stated to be an
“assumption” and not definitive. However, these data and the subsequent conclusions were not
questioned for many years. Unfortunately, this error has resulted in Fontell’s paper becoming
arguably the most important within the Na-AOT literature. Many subsequent researchers have
attempted to rationalise the results of their own work in a way that is consistent with Fontell’s
data/conclusions. As such, it is now evident that many of the conclusions and proposed models
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for the Na-AOT lamellar phase are based on fallacious arguments. Although the concentration
regions defined by Fontell are based on an incorrect interpretation of his data, the terms LCR,
ICR and HCR will be used within this literature review for consistency with other publications.
The reduction in intensity of the first-order Bragg peak with the ICR is still relevant as it is
not characteristic of a classical lamellar phase, and several other researchers have reported
anomalous behaviour within this region. It is important to note, however, that these terms are
somewhat misleading, as they assume that all the changes occurring within the system are due
to a single structural change, where in fact the system undergoes many changes and they do
not all occur within the ICR.

Fontell’s group provided much of the early literature on the Na-AOT system, investigating
how electrical conductivity, density, vapour pressure and Raman spectroscopy intensities vary
with concentration.88,98,99 They also investigated the phase behaviour of tertiary systems and
the effect of replacing the sodium cation with divalent counterions, namely magnesium and
calcium.88,100 The results of the electrical conductivity and Raman spectroscopy investigations
showed dramatic variations within the ICR. The electrical conductivity was shown to begin to
increase within this region, and to continue to increase, until a sharp decrease was observed
within the HCR (above 60 wt % Na-AOT). The electrical conductivity was also shown to be
temperature dependent. Fontell proposed that the changes in conductivity could be due to
the extent of binding or movement of the sodium cations, either within the water layer or
along the polar surface of the bilayer. This is a convincing rationalisation of the data, although
another possible contributing factor could be dehydration of the counterion, particularly when
considering the reported decrease at high surfactant concentrations. Due to the large change
in bilayer spacing within the lamellar region of Na-AOT, changes occurring in the cation
environment are likely to be more evident than in surfactant systems with lamellar phases
existing over smaller concentration ranges. Fontell noted that if such changes were to take
place, it is feasible that the arrangement of the polar groups would also be altered and could
then influence the chain configuration and surfactant packing. Conversely, we suggest that
conformational changes in the AOT molecule could equally be the driving factor, changing the
surfactant packing and resulting in bilayer defects that may then alter the electrical conductivity.

With increasing Na-AOT concentration, Faiman, Lundström and Fontell observed significant
changes in only one Raman spectral band.99 Interestingly, this band is not due to the
sulfate in the surfactant headgroup, but was assigned to the antisymmetric methylene
rocking/deformation modes. The reported change concerns the band centred at 1460 cm-1

and is a change in relative intensity rather than peak position or shape. The change is also
non-linear, in general the peak intensity increases with concentration, but was observed to fall
in the ICR. Such a change would indicate that in the ICR a subtle conformational change occurs
within the hydrocarbon tails. Unfortunately, the error associated with the data is significant, and
while it was also stated that similar changes in peak intensity were observed with temperature
variations, the recorded data were deemed not to be of publishable quality.
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Vibrational Spectroscopy and Spectrophotometry

Given the high degree of error and lack of any further communications regarding the observed
temperature variations, the Raman spectroscopy investigation by Faiman et al. should be
regarded as preliminary. As such, it is unfortunate that further Raman spectroscopy investi-
gations of the lamellar phase, building on this group’s observations, are lacking. Moran et al.
assigned the stretching modes of the sulfonate group and investigated the changes induced
by exchange of the sodium cation,101 while Nagasoe et al. improved the assignment of the
peaks relating to the hydrocarbon tail environment by studying straight-chain analogues of
Na-AOT, which correlate with different rotational isomers dependent upon tail length.102 These
investigations significantly improve upon the spectral assignments of Faiman et al., but do not
provide any further insight into any concentration-induced structural changes. The only Raman
spectroscopy publication since the work of Faiman et al. to sample within the lamellar region
of Na-AOT is by Arunagirinathan et al., who used micro-Raman primarily to investigate myelin
formation or “surfactant outgrowth” upon dilution with water.103

Although the focus of this study was myelin formation in the Na-AOT system, which occurs at
the lower concentrations of the lamellar region, Arunagirinathan et al. also sampled within the
more concentrated regions for comparison. Their experimental procedure focused the Raman
laser upon the desired area of a microscope slide bearing a standard concentration gradient
of Na-AOT (produced by promoting water penetration of the pure surfactant). This technique
means that samples of known concentration were not studied. However, by comparing the
sample areas marked on the published image with a concentration gradient of our own, we
were able to deduce that three of the spectra produced relate to an unknown concentration
within the LCR, ICR or HCR. This is not ideal for investigating the exact concentrations at
which any structural changes may occur, and the sampled region relating to the LCR was
in the form of a myelin, which may not truly represent a sample prepared at an equivalent
concentration. However, the study still provides useful information regarding changes to the
molecular configuration of Na-AOT at different concentrations within the lamellar region.

The study identified four regions of interest: CC–CS stretching (740–790 cm-1), C–C
skeletal stretching (1050–1085 cm-1), C–H bending (1450–1460 cm-1) and C–H stretching
(2850–2950 cm-1). The latter three relate to changes in the hydrocarbon tail environment, while
the CC–CS stretching highlights the only observed changes within the headgroup, with peaks at
785 and 745 cm-1 relating to trans and gauche conformations of the CC–CS bond, respectively.
They showed that within the LCR both trans and gauche conformations are present, but only
the trans conformation is observed in the ICR and HCR. The spectroscopic regions relating
to the hydrocarbon tail environment are significantly more complex, a result of the large
number of carbon and hydrogen atoms in similar chemical environments (exacerbated by the
presence of multiple diastereomers). However, a general trend towards rotational isomers with
more ordered tail orientations that pack more efficiently is evident at higher concentrations.
The peaks in the LCR reveal a mixture of tail orientations, comprised of both ordered trans
configurations and bent or kinked gauche configurations. This implies that the hydrocarbon
environment in the LCR is a mixture of splayed and non-splayed tails, which will promote
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disorder and allow flexibility in the surfactant packing. This may be a factor in any non-classical
lamellar behaviour within the LCR. Interestingly, the C–C skeletal stretching showed that in the
ICR the relative peak intensity relating to gauche configurations within the succinate skeleton
dramatically increases, and is a further indication that the hydrocarbon tails alter the surfactant
packing within this region either due to, or facilitating, a structural transition.

Although they highlight changes in the 1450–1460 cm-1 spectral region, Arunagirinathan et al.
did not observe the intensity anomalies described by Faiman et al., but have reported the
observation of two peaks in this area rather than a singlet. These peaks were assigned as
trans and gauche contributions of the hydrocarbon chains. The authors suggested that these
differences could be due to increased hydration within their samples, which (in contrast to those
of Fontell) were not sealed. However, it is more likely that the observation of two peaks is due
to the improved resolution available with modern instrumentation. The intensity anomaly may
not have been observed by Arunagirinathan et al. as the ICR was sampled more extensively by
Fontell et al. than Arunagirinathan et al., who only reported a single Raman spectrum for each
of the lamellar regions.

As in the Raman spectroscopy, the infrared spectrum of Na-AOT is complicated by the presence
of multiple diastereomers, giving rise to a complex series of bands. Again, much of the
characterisation of these peaks was completed by Nagasoe et al. The authors initially studied
the simpler straight-chained analogues of Na-AOT, for which crystal structures were available,
and used their findings to assist with assigning the peaks in the Na-AOT spectrum.104,105

However, it was not until the topic was revisited by the same research group that signifi-
cant information regarding possible concentration-dependent structural changes was reported.
Okabayashi et al. investigated the conformations of the succinate skeletons of Na-AOT and
various straight-chained dialkyl sulfosuccinate analogues, with a particular focus on the CH
and CH2 deformation vibrational modes (1300–1450 cm-1). They assigned IR signals to two
stabilised conformations of the Na-AOT succinate skeleton. The two conformations display
drastically different torsion angles of the 10C–1C–2C–3O segment within the headgroup, which
arise through rotation of the 1C–2C bond, resulting in the presence of splayed or parallel alkyl
chains (see Figure 3.4).

Although the stacking of parallel chains may be considered to be the more efficient configuration
in a lamellar phase, the straight-chained surfactants showed an increased stabilisation of
splayed tails with increasing concentration. It was reasoned that the hydrocarbon tails may
be too short to preferentially stabilise the stacking of parallel chains, and so a “finger-joint”
model of interdigitated surfactant molecules was proposed for the bilayer. This is supported
for the n-hexyl variant by a reduced bilayer thickness of 30 Å, compared with the theoretical
value of 35.5 Å obtained using Tanford’s equation.106 In comparison, Na-AOT (which has a
bilayer thickness significantly less than its straight-chained analogue) displays peaks in the
IR spectrum corresponding to both splayed and parallel tail conformations in the lamellar
phase. Okabayashi et al. suggested a mixed contribution to the bilayer from the bending of
the branched hydrocarbon chains and a finger-joint arrangement of molecules. It is clear from
the published spectra that the relative contribution of the splayed and parallel conformations
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Figure 3.4: Two stabilised conformations of the Na-AOT succinate skeleton, resulting in
(a) splayed or (b) parallel alkyl chains.

changes with concentration; however, an insufficient number of concentrations were sampled
to fully determine the extent of the structural changes and at exactly which concentrations they
occur.

Given that at high surfactant concentrations the X-ray repeat distances published by Fontell
(including the water layer) are significantly less than twice the length of an extended Na-AOT
molecule,63 it was already evident that the bilayer must be composed of interdigitated
molecules. Likewise, an increased splaying of the tails at high concentrations may also be
inferred from the transition to Type II structures above 78 wt % Na-AOT. However, the evidence
that this splaying is facilitated through rotational isomerism within the Na-AOT molecule (and
is likely further enhanced by the tail branching), and results in a drastic change in the effective
surface area at the hydrophobic/hydrophilic interface, may be significant in rationalising the
observed properties of the surfactant. Indeed, when these results are combined with the Raman
spectroscopic data, it is evident that the hydrocarbon tail region of the Na-AOT molecule can
adopt a wide range of different packing modes, potentially producing an extremely high degree
of flexibility in the lamellar bilayer.

A further study of the Na-AOT system using IR spectroscopy was completed by Boissiere et al.
who were interested in the behaviour of the water molecules rather than the Na-AOT molecules.
As such, they probed the intermolecular water interactions by monitoring changes in the O–H
stretching mode over a range of concentrations.107 They modelled this spectroscopic region us-
ing Gaussian functions to fit contributions from three distinct spectroscopic components, which
they termed network (3320 cm-1), intermediate (3465 cm-1) and multimer (3585 cm-1) water.
These components differ in their degree of connectivity, with on average hydrogen bonding to
four, three and two other molecules, respectively. At concentrations up to 35 wt % Na-AOT,
the relative proportions of each component show little variation. Above this concentration, the
multimer contribution shows little change, but there is a significant drop in the contribution from
network water coupled with a rise in that of intermediate water. These changes were attributed

56



Sodium AOT: Lamellar Phase Literature Review

to an increasing proportion of “hydration water molecules” forming a buffer between the outer
layer of surfactant and bulk-like water. The position of the S��O stretch was reported to be
constant throughout the lamellar region, suggesting that the hydration of the AOT headgroup
itself does not change, remaining fully hydrated (~2.6 water molecules per ionic headgroup).

Despite the change in water behaviour reported by Boissiere et al. coinciding with the ICR, the
fitting of three functions to such a broad peak could surely be achieved in a number of ways and
is in the authors’ own words “ambiguous”. Indeed, the three spectroscopic components of water
discussed are all observed within bulk water itself, and so their presence alone does not confirm
the assignment of different water populations. It is also not obvious what the change in water
environments implies about the overall lamellar structure. A decrease in the relative amount
of bulk water is surely consistent with normal constriction of lamellar bilayers upon increasing
concentration. Although, alterations in the water structure could also be due to changes in the
hydration of the counterion, or due to a rearrangement of the bilayered structure. However, the
modelling of one broad O–H band in an IR spectrum is not enough evidence for either.

Further evidence has more recently been provided by the same research group through a
study that combined IR spectroscopy with differential scanning calorimetry (DSC).108 This work
significantly improved upon earlier studies using DSC, which included incorrectly assigned
peaks109 or only sampled at the lower end of the lamellar region.110 Prouzet et al. ob-
served three endothermic peaks in the DSC profiles, each representing a distinct thermally
homogeneous water population, at �12, �10 and �2 �C. These populations were assigned
as bulk water existing between lamellar bilayers; bound water, which interacts strongly with
the surfactant headgroup; and intermediate water, a thin layer of approximately two water
molecules in thickness, located between the previous layers and in close enough proximity
to the surfactant bilayer to be significantly disturbed by its presence. Each of the three
populations was shown to present a different distribution of the three spectroscopic components
of water identified by IR spectroscopy. Bulk water is predominantly network water, whilst the
intermediate and bound water were shown to present a lower degree of hydrogen bonding.
Although this further study provides greater evidence for a continuous change in the water
structure above 35 wt % Na-AOT, it does not provide any more detail regarding the cause of
the change or the implications for the mesophase structure.

Another publication using a spectroscopic technique is a study by Nallet and Barois, who further
investigated the reported change in birefringence within the lamellar region of the Na-AOT
system.111 This report is primarily composed of theoretical work that does not relate to one
lamellar phase of a specific system; however, the assertions made within the text were then
confirmed using UV-visible spectrophotometry. The experimental work within the paper was
carried out on the SDS/hexanol/dodecane/water system rather than the Na-AOT system, but
the findings are applicable to all lamellar systems. It was shown that when a change from
negative to positive birefringence occurs in such systems, it can be reasoned by considering the
overall birefringence as the sum of two different contributions, one of which is heavily dependent
upon the dilution. The first component is the intrinsic birefringence of each lamellar bilayer. This
arises because each bilayer is composed of an approximately parallel arrangement of Na-AOT
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molecules. The value of this contribution is typically positive and normally governs the overall
birefringence of a lamellar phase. The second component is the “form birefringence”, which is
the birefringence arising from the stack of lamellar bilayers.

Nallet and Barois showed that at low dilutions the intrinsic birefringence of the bilayers
dominates over the form birefringence. This is generally the observed behaviour and results
in positive birefringence. However, at higher dilutions the negative contribution of the form
birefringence can prevail. This occurs when the bilayers are no longer flat parallel sheets, but
deviate from the idealised structure due to undulating, or crumpling, of the bilayers. This is
most often the case in highly swollen lamellar phases stabilised by Helfrich’s entropic forces
rather than electrostatic interactions. At the dilution at which the negative contribution of the
form birefringence matches the positive contribution of the bilayer, the overall birefringence is
zero, and thus samples appear dark between crossed polarisers. The form birefringence is
sensitive to thermal fluctuations and so the optical properties of samples can be altered by
small temperature adjustments. As such, samples with compositions within the vicinity that will
produce a structure with zero birefringence can appear blue or yellow when viewed through
crossed polarisers. This property may provide a simple distinction between a non-birefringent
lamellar sample and a truly isotropic phase. The study by Nallet and Barois shows that one of
the previously (and often) cited anomalies of the Na-AOT lamellar phase is neither unique to the
system or indicative of strange behaviour. However, the paper also provides an indication that
the lamellar structure of the LCR may be a crumpled or undulating structure that is sensitive to
thermal fluctuations. This is a key point to note, as it implies that within the LCR, the bending
rigidity of the bilayer (») has a similar value to the thermal energy, kBT, and that both must
be taken into account when considering the intermolecular forces that stabilise the structure
formed.

Small-Angle X-ray/Neutron Scattering

Since the early X-ray data reported by Fontell,63 several studies of the Na-AOT system have
utilised small-angle X-ray or neutron scattering techniques (SAXS and SANS, respectively).
However, the role of the SAXS or SANS measurements has generally been confined to
confirming the phase assignment or the bilayer repeat distance of samples, rather than a
continued investigation of the intensity anomalies reported by Fontell. No further full and com-
prehensive experimental investigations into the region have been reported to date. However,
the phenomenon has been reported in the Na-AOT/water/NaCl system, where it was proposed
that Bragg peaks occurring at a wave vector that coincides with the minimum value of the form
factor would be significantly reduced in intensity and possibly disappear.90 This concept was
investigated further by Nallet et al.,112 who studied the intensity anomaly of the Na-AOT system
using both SAXS and SANS. Crucially, they showed that the reduced intensity of the first-order
scattering peak is only observed in the SAXS spectra, with the SANS profiles presenting no
anomalous intensity variations. The X-ray profiles also reveal significant diffuse scattering at
large wave vectors, present in the spectra as a broad hump in the q range of ~1 to 5 nm-1,
which is also not present in the SANS profiles. The fact that the broad scattering and intensity
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variations are only present in the X-ray studies indicate that they arise from the contribution
to the scattered intensity of the form factor of the bilayer. This is due to the Fourier transform
of the electron density distribution and so not a component in neutron scattering experiments.
The shape of the diffuse scattering peak was reported to be independent of concentration and
the intensity was stated to scale linearly. The scattering was also reported to be sensitive to the
scattering length density profile of the amphiphilic bilayer.

Nallet et al. proposed models to quantitatively describe and explain the experimental
observations. By combining a simple model for the electron density profile of the Na-AOT bilayer
with the Caillé model for thermal fluctuations,113 they proposed models for the small angle
scattering that incorporate both geometric and thermodynamic contributions. The theoretical
data are in good agreement with the experimental data, including the intensity variations
that occur with surfactant concentration in the SAXS spectra. The thermal fluctuations are
incorporated into the model through the term ”, a unitless line shape component termed the
Caillé exponent, where q0 is the q value at the Bragg peak maximum, kBT is the thermal
energy, K is the curvature modulus (K = »/d) and B̄ is the compressibility modulus, such that:

” =
q20kBT

8ı
p
KB̄

(3.1)

The model of Nallet et al. allows the effect of individual parameters upon the scattering profile to
be probed. They showed the structure factor to be heavily dependent upon the selected value
for ”, demonstrating that it quickly reaches its asymptotic value of 1 when ” is not zero. The form
factor was shown to tend towards zero at q values much smaller than those corresponding to
the thickness of the bilayer. This offers a convincing explanation for the decrease in intensity of
the first-order Bragg peak, as the intensity of this peak would diminish for sample compositions
that give rise to a Bragg peak that coincides with the zero value of the form factor. This is due
to the electron density profile of the bilayer adopting a two-square profile, with the electronic
density of the headgroup estranged from that of the tails or solvent. This work highlights
the effect of elastic fluctuations, arising from the Landau-Peierls instability. It shows how the
magnitude of the elastic constants of the bending modulus, », Gaussian curvature modulus, »̄,
and compressibility modulus, B̄, have a large effect on the small angle scattering of the system
and must be considered alongside the form and structure factors when analysing the shape of
the Bragg peaks.

In a later study, Zhuang et al. reported (and offered rationalisations for) the sharpening and shift
of Bragg peaks to higher q spacings, with increases in concentration or temperature, and also
upon addition of a cosurfactant, to the Na-AOT system.114 They stated that this is synonymous
with a move to a more ordered structure and attributed it to a switch from flexible to planar
bilayers. Their presented scheme suggests that planar bilayers are induced by a simultaneous
reduction in the effective surfactant tail length and an increase in headgroup area. Thus, they
explained the changes in the system in terms of the simplified surfactant packing parameter. In
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calculating the reported changes to the headgroup area and tail volume, it is assumed that the
thickness of the water layer remains unchanged upon variations in temperature, and also that
changes to the Bragg peaks with concentration or temperature are due to a compression of the
bilayer (i.e. a reduced bilayer thickness, presumably as a result of increased interdigitating of the
Na-AOT tails). This reasoning is not in agreement with the reports discussed previously, which
indicate that both the size of the surfactant headgroup and bilayer thickness remain effectively
unchanged throughout the lamellar region. Zhuang et al. also offered a rationalisation for the
intensity variations of the first-order Bragg peak, proposing that they occur due to the scattering
being sensitive to small structural fluctuations and neighbouring bilayers. They also stated that
an increase in bridging or micellar defects could cause a reduction in peak intensity. While
the first of these explanations, that of small structural fluctuations, may be consistent with the
work of Nallet et al., the work of Nallet et al. was not addressed within this publication, and
the role of thermal fluctuations was ignored. While the concept of a transition from flexible to
planar bilayers may have some merit, the simplistic explanations that do not consider the elastic
components of the Na-AOT bilayer and are not consistent with the findings of others are less
convincing.

Nuclear Magnetic Resonance Spectroscopy

The Na-AOT system has been extensively studied with various forms of NMR spectroscopy. The
first report of NMR characterisation of the liquid crystalline regions of Na-AOT was completed
by Franses and Hart,115 who used 1H and 13C NMR to determine the location of phase
boundaries of the system, and also interpreted the molecular motion at various concentrations
from the peak linewidths. It should be noted that the results include an error margin of up to
±5 wt %, and so the values quoted were tentative and not all are in good agreement with values
stated elsewhere. Unsurprisingly, they reported a decrease in molecular motion moving from
the isotropic to the two-phase region, and a significant broadening of peaks upon entering the
lamellar phase, due to significantly reduced molecular motion. Indeed, due to slow molecular
motion in the lamellar phase, the 1H NMR peaks of the headgroup are not observed from
5–70 wt % Na-AOT. Similar behaviour was also reported for the 13C NMR spectra with peaks
due to carbon atoms in the headgroup becoming broader, while those of the tail region remain
sharp, highlighting the different environments experienced by the hydrophobic and hydrophilic
parts of the molecule. In the more concentrated region of the phase diagram, three substantial
changes were reported in the 1H NMR water signal. Two of these changes are representative
of phase transitions, forming bicontinuous cubic and hexagonal phases, whilst the third occurs
at 50 wt % (±5 wt %) roughly coinciding with the change from the ICR to the HCR. A change
in the thermal properties of the water was also observed in this region, with no bulk-like water
freezing above this surfactant concentration.

Pulsed field gradient (PFG) NMR was used by Callaghan and Söderman to monitor the diffusion
of water molecules in Na-AOT samples of various concentrations.47 This technique is sensitive
to the diffusion of water on the lengthscale of approximately 1000 Å (over five times that of
the longest reported interbilayer spacing in the system), meaning the technique is primarily
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suited to measuring lateral or 2D diffusion. In the LCR between 16 and 31 wt % Na-AOT, the
water diffusion fits well with a model for 2D diffusion; however, the values for the self-diffusion
coefficient in this region are very low, up to a factor of four below that of free water. Upon
entering the ICR, the 2D diffusion is maintained, although a significant increase was observed
in the diffusion coefficient values. In the HCR (above ~45 wt % Na-AOT), a 2D diffusion model
no longer fits the experimental data, and the results are more akin (although not a perfect fit)
to the 3D diffusion of Brownian motion. At concentrations above 60 wt %, the samples show a
progressive decline in their self-diffusion coefficient and a return to 2D diffusion. This decrease
in water diffusion coincides with the decrease in electrical conductivity observed by Fontell.

Callaghan and Söderman proposed a tentative structural model to rationalise the changes in
diffusion (see Figure 3.5). They proposed that the low rates of diffusion observed in the LCR
are due to a high number of bridging defects between bilayers, which restrict the movement
of water molecules. They suggested that upon increasing surfactant concentration, the bilayer
repeat distance falls, resulting in the packing curvature needed for such bridges becoming
unfavourable. The destruction of such defects could result in localised regions containing
high concentrations of “free” amphiphile molecules, which they proposed then form bilayered
micellar discs between the lamellar layers. With the further compression of bilayers resulting
from increasing surfactant concentration (moving to the HCR), such discs would then begin to
break down, returning to classical lamellar bilayers. The pseudo-3D diffusion within this region
was attributed to the constant rearrangement of lamellar domain boundaries, which could allow
water to diffuse into domains aligned along different directional axes. It was proposed that
such behaviour would gradually decrease as bilayers are compressed further, creating a more
closely packed, ordered and rigid state which would exhibit 2D diffusion.

Figure 3.5: Schematic representation of the structural model for the Na-AOT lamellar phase
proposed by Callaghan et al.

Despite achieving very similar results, Chidichimo et al. disputed the conclusions of Callaghan
et al., suggesting that a structure of highly connected bilayers proposed in the LCR would leave
the aqueous domains in a structural form similar to that of inverted ribbons.116 They stated that
the high viscosity associated with ribbon structures is not present in the LCR, and that such
a phase would only be viable in highly concentrated samples. Using POM in conjunction with
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deuterium NMR and PFG-NMR experiments, they suggested an alternative model based on a
rippled lamellar phase (see Figure 3.6), previously observed in some phospholipid systems.
They suggested a system with ripple angles between 50� and 65� forms below 20 wt %
Na-AOT, which then coexists with non-rippled bilayers at 20–28 wt %, and is replaced by
a “defectless” or normal L¸ phase above this concentration. Comparison of deuterium NMR
lineshapes for relaxed and perturbed samples reveals different behaviours, with the former
being less broad and displaying less biaxial character. Chidichimo et al. stated that the system
is prone to mechanically-induced deformations and suggested that this is the cause for the
anomalies in the X-ray diffraction data of Fontell and thus the identification of the ICR region.

Figure 3.6: Schematic representation of the structural model for the Na-AOT lamellar phase
proposed by Chidichimo et al.

The discrepancy between the Callaghan et al. and Chidichimo et al. led to a third investigation
using PFG-NMR, with Coppola et al. also investigating the water diffusion in relaxed and
perturbed samples.117 Although they agreed that an observable change is evident in the line
shapes of deuterium NMR spectra of relaxed and perturbed samples, they also concluded that
mechanical stresses affect the macroscopic properties of the lamellar domains rather than the
microscopic properties. They observed a reduction in the size of lamellar domains, but stated
that the geometry of the microstructure is not affected. While the publications offer different
rationalisations for the microstructure of the Na-AOT lamellar phase, PFG-NMR spectroscopy
unquestionably shows that the water diffusion in the Na-AOT lamellar phase undergoes
concentration-dependent changes, with the motion restricted at lower concentrations and
increased above 33 wt % Na-AOT.

Further diffusion NMR experiments have been performed on the Na-AOT lamellar phase
in the form of diffusion exchange spectroscopy (DEXSY) and diffusion-diffusion correlation
spectroscopy (DDCOSY), in order to monitor the diffusion of water and hence investigate
the size and orientation of the lamellar domains, respectively.94,95 DEXSY NMR maps the
exchange of water molecules between domains, with the timescale of this exchange correlating
to the lengthscale of the domain. Average domain sizes for samples of 25 and 50 wt % Na-AOT
were quoted as 5 and 12 —m, respectively. These values are lower than those observed using
other experimental techniques such as electron microscopy. This is possibly indicative of a
dense network of local defects in the microstructure, which inhibit the movement of water and
so change the water diffusion coefficient. DDCOSY was shown to be more sensitive to partial
alignment of lamellae than the deuterium NMR experiments used in previous studies. The
DDCOSY investigation revealed an interesting trend in the samples analysed, in that the more
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concentrated samples show a greater tendency to align. Samples of 33 and 50 wt % Na-AOT
display anisotropic alignment of lamellar bilayers, whereas samples of 25 wt % Na-AOT show
no significant bulk alignment and were reported to be globally isotropic. It was also reported
that barriers to diffusion are more prevalent along one director plane and that this observation is
consistent with the model of interbilayer micellar discs proposed by Callaghan et al.47 Although
only three Na-AOT concentrations were sampled within these two studies (one from each of the
lamellar concentration regions), the combination of techniques provided much detail regarding
the scale of defects within the microstructure of the lamellar phase and the effect upon water
diffusion. The NMR investigations were also supported by several electron microscopy images
as reported below.

Electron Microscopy

Hubbard et al. supplemented their NMR investigations with several SEM images of cryo-
genically frozen Na-AOT samples of 25, 33 and 50 wt % surfactant.94 They reported a
defect-rich microstructure at 25 wt % and described it as being more akin to a metastable
sponge phase than a typical L¸ phase, due to the high number of bridging and hole defects.
At 50 wt %, a more typical lamellar morphology was observed with a reduced number of
defects. The 33 wt % sample was reported to show characteristics found in each of the
other samples. Domain boundaries were estimated from low magnification images and the
domain sizes were reported to range between 10 and 100 —m for the 25 wt % sample and
between 10 and 50 —m at 50 wt % Na-AOT. The ability of the cryo-SEM to allow details to be
obtained at both higher and lower magnifications meant that the technique was preferred over
cryo-TEM as it was judged to reveal a greater depth of structural information. In recent years,
technological advancements in electron microscopy have led to the freeze-fracture replica
technique employed in the study by Hubbard et al. being replaced with the direct imaging of
fractured samples. This change in methodology results in different structural information being
revealed by the technique as shown in the results of this thesis. The Na-AOT system has not
previously been studied this way, although a related lecithin-containing system (Na-AOT/L-¸-
phosphatidylcholine/isooctane/water) has been studied, and the lamellar to inverse hexagonal
phase transition imaged. Spherical vesicles ranging in size from 100 nm to 10 —m could
clearly be viewed within the lamellar phase and the progression to hexagonal tubules was
also observed.68

Although only a proof of concept study, one further investigation used freeze fracture atomic
force microscopy to view two lyotropic systems. The binary water systems of Na-AOT and
pentaethylene glycol monododecyl ether (C12E5) were both viewed using this technique,
although only one sample of each system was investigated.118 While the technique showed
some promise, with interbilayer distances calculated from the observed images in agreement
with those obtained from SAXS investigations, the quality of the visual observations was poor.
Thus, the technique reveals very little information pertaining to the microstructure of the system
and falls some way short of the capability of cryo-SEM, which appears to be the experimental
technique most suited to the study of the structure of lyotropic systems at this time.
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Computational Simulation

The self-assembly of the Na-AOT system has also been simulated, on a mesoscopic length-
scale, using dissipative particle dynamics.119 Modelling the Na-AOT molecule as a simplified
structure of four spherical particles representing the surfactant headgroup, two tails and water,
Yang et al. modelled the system at concentration intervals of 10 wt %. The models produced,
shown in Figure 3.7, are in general agreement with the phase diagram of the system, with
structures consistent with the lamellar, cubic and hexagonal phases modelled within the
correct concentration ranges. At 40 wt % Na-AOT (the only simulation to coincide with the
ICR) the modelled data indicate a significant shift from normal swelling lamellar behaviour.
This seemingly matches much of the previously discussed experimental data for the Na-AOT
system, as it is within the region in which various anomalies have been reported for the
system, and Yang et al. proposed a structural transition within this region based upon their
simulations. The authors interpreted their modelled structure as being a “pseudo-reversed
hexagonal phase” composed of rod-like micelles.

Figure 3.7: Simulated models of the Na-AOT lamellar phase between 30 and 70 wt %
surfactant, produced by Yang et al. Top: Ball-and-stick representations with the Na-AOT
headgroup and tail regions depicted in red and yellow, respectively. Bottom: Representations
of the electron density distribution of water particles (blue) in the form of isodensity surfaces.
Reprinted with permission from J. Phys. Chem. B, 2006, 110, 21735–21740. Copyright © 2006
American Chemical Society.

While the simulation of Yang et al. clearly predicts a deviation from classical lamellar behaviour
within the ICR, the argument for a hexagonal structure is not convincing. Although it was
claimed that the model fits well with the various anomalies described in the literature for the
Na-AOT lamellar phase, we argue that the diffusion data calculated in the paper are not in
agreement with the various NMR diffusion studies that have been completed. Additionally,
while the proposed pseudo-reversed hexagonal structure may be consistent with the initial
conclusions of Fontell, it does not correlate with the SAXS models or SANS data of Nallet
et al.,112 which indicate the retention of a lamellar structure consistent with 1D swelling.
Although in many fields computational chemistry models can provide accurate structural
predictions, the complex subtleties of the forces governing lyotropic self-assembly are yet to be
fully understood, and the simplification of the Na-AOT structure in this example likely ignores
one the fundamental factors behind the energetically favoured mesostructure. The superior
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microemulsion properties of Na-AOT, along with the IR and Raman spectroscopic studies
described previously, indicate that the remarkable properties of Na-AOT are at least partially
a result of the branched alkyl tails and the ability of the molecule to adopt drastically different
structural conformations through rotational isomerism. By modelling the Na-AOT tails as two
spherical particles, the contribution of the tails to the flexibility of the Na-AOT molecule and
bilayer is neglected, which is not ideal as it is likely this flexibility that sets the Na-AOT apart
from other surfactants.

Summary

This review has detailed publications concerned with the structure of the Na-AOT lamellar
phase at different compositions. The Na-AOT system has clearly been investigated extensively,
with a wide range of experimental techniques that have probed the system on a variety of
lengthscales. However, this substantial amount of work has yet to be sufficiently collated and
used to definitively characterise the Na-AOT lamellar phase, and thus resolve the debate
regarding the nature of a possible structural transition within the region. The characterisation
of the lamellar phase structure has undoubtedly been complicated by inaccuracies in the
literature, many of which stem from the concept of a deviation from 1D swelling within the
lamellar phase.63 This concept has since been shown to be incorrect, and we propose
that the division of the Na-AOT lamellar phase into the LCR, ICR and HCR (which were
based upon incorrectly interpreted data) is similarly misleading. As the various intermolecular
forces that govern the free energy (and thus self-assembly) of the system change, it should
be expected that the mesophase structure will adapt to compensate. As the magnitude of
each of these forces does not vary linearly with the bilayer repeat distance, it follows that a
lamellar phase existing over a large concentration range will similarly not display continuous
behaviour throughout the region. A number of parameters are observed to change within the
Na-AOT lamellar system; however, many do not correlate with the defined LCR, ICR and HCR
boundaries, but are in fact continuous changes that occur over large concentration ranges of
the lamellar region.

Of the various properties well documented to change within the lamellar region of Na-AOT,
those that have been continuously cited as being anomalous (and hence proposed to be
indicative of a structural transition) are the electrical conductivity, water diffusion, bilayer spacing
and birefringence. Two of these four anomalous properties have now been shown to actually be
consistent with lamellar behaviour. The bilayer spacing has been demonstrated to be consistent
with 1D swelling, and the change in birefringence can be rationalised as a geometrical effect
which promotes a negative contribution to the form birefringence.111,112 Given this evidence, it
becomes highly unlikely that the Na-AOT system presents a unique structural transition, such
as those proposed in the literature.47,116,119

While the birefringence and X-ray intensities of the Na-AOT system are now rationalised, and
are consistent with a lamellar phase, the other reports of discontinuous behaviour within the
system still need to be explained. The changes in water diffusion are mirrored by changes in
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electrical conductivity and so the phenomena likely arise from the same source. In addition,
the Na-AOT molecules themselves are reported to undergo several changes within the lamellar
region, as evidenced by various IR and Raman spectroscopic investigations. The molecules
adopt different conformations depending on the sample composition and will promote different
packing arrangements within the bilayer, resulting in changes to the bilayer elasticity.102–105,108

The X-ray intensities and change in the sign of the birefringence should no longer be considered
as anomalous; however, these observations are still not consistent with a classical lamellar
phase, and the rationalisation of the results may be significant in finally resolving the Na-AOT
microstructure. In each case the observations are explained as being consistent with a lamellar
phase sensitive to thermal undulations. This implies that for some surfactant concentrations,
the lamellar phase is not composed of a flat stack of parallel bilayers (that would give rise to
positive birefringence and intense X-ray reflections) but has a large degree of flexibility. As such,
the elastic moduli and bilayer compressibility of the bilayer must have a key role in determining
the energetically favoured structural morphology. It is also implied that the lamellar phase is at
least partially stabilised by entropic forces at low surfactant concentrations. If this is the case,
the structure formed at low concentrations is likely that of a highly swollen and defective lamellar
phase.

Surprisingly, the defect behaviour of the Na-AOT system has not previously been fully char-
acterised, although the reports of Hubbard et al. are consistent with the system presenting a
variety of different defect behaviours, dependent upon the surfactant concentration.94,95 The
nature of the defects in the lamellar microstructure and the extent of bilayer undulations within
a lamellar phase will change with concentration. Such changes in the defect behaviour are
the likely cause of the observed variations in electrical conductivity and water diffusion as they
can significantly alter the connectivity between the water and surfactant domains. As such,
the defect behaviour may also offer an explanation for the reported changes that occur within
the water network within the Na-AOT lamellar phase.107,108 The potentially significant role of
defects in the self-assembly of the Na-AOT system has previously been overlooked and forms
a significant part of the experimental work of this chapter.

We concluded from this review of the literature that in order to gain further understanding of the
self-assembly behaviour of the Na-AOT system, our study should focus on the defect structures
formed by the system. As such, the following section details our attempt to finally resolve the
debate surrounding possible structural transitions in the Na-AOT system by fully characterising
the defect behaviour of the lamellar phase, and investigating the apparent sensitivity to thermal
fluctuations. We have used a combination of POM, cryo-SEM and SAXS to characterise the
system on a variety of lengthscales. These three techniques have been used to study the
Na-AOT system previously (as discussed in this review); however, a comprehensive microscopy
study, including a sufficient range of sample concentrations to fully detail the behaviour of the
system, has not previously been completed.
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Sodium AOT: Experimental Results

Sodium AOT SAXS

Although the SAXS scattering for the Na-AOT system has previously been studied (including
an explanation of Fontell’s anomalous results by Nallet et al.63,112), we have repeated the
experiments and briefly explain our own results here for several reasons. Firstly, the Na-AOT
system will be used as a base system with which to compare related systems throughout
this thesis, and hence it is important to have a reliable, fully characterised set of SAXS data
for comparison in the following chapters. Given the evidence of Hubbard et al. that Na-AOT
samples require long equilibration times,94,95 it was deemed important that new experimental
data were obtained using samples that were fully equilibrated over a period of several months,
rather than those of a metastable intermediate. Additionally, our new experimental data allow
us to definitively show that Fontell’s concept of discontinuous swelling was based on a flawed
assumption, and to further investigate the role of thermal fluctuations in the Na-AOT system.
While the explanation by Nallet et al. indicated that thermal fluctuations must be considered
to have a role in the Na-AOT lamellar phase bilayer structure, the implications of this on the
evolution of the system’s microstructure was not discussed.

The Na-AOT system was investigated over the full concentration range; however, the following
discussion focuses on samples within the lamellar phase region of the system, in particular
those that show the progression from non-classical to classical lamellar behaviour. Samples at
other concentrations, such as those within the cubic and hexagonal regions, did not provide
any information not already covered in the literature review above. Figure 3.8 shows selected
1D and 2D scattering profiles for the Na-AOT lamellar phase between 20 and 55 wt %
Na-AOT. These scattering profiles clearly illustrate the variations in intensity and strong diffuse
scattering described previously and attributed to a combined scattering contribution from
thermal fluctuations and the form factor of the bilayer.112

The 1D scattering profiles in Figure 3.8 generally show a simple Bragg pattern in the q spacing
ratio of 1:2, although at 35 and 40 wt % Na-AOT the first-order peak is noticeably absent.
From 20 to 30 wt % Na-AOT, the first-order Bragg peak diminishes in intensity with increasing
concentration. At higher concentrations, the first-order peak reappears, and the intensity of
the peak increases significantly with concentration. In contrast, the second-order Bragg peak
shows a continuous increase in intensity with surfactant concentration over the entire lamellar
phase. The second-order peak does not coincide with the q space region in which the form
factor contribution of the bilayer is zero, and as such the second-order peak is a better indicator
than the first-order peak for the lamellar swelling behaviour in the Na-AOT system. Further
weak scattering, existing either as a shoulder or as a broad isolated peak, is observed at some
concentrations and can be attributed to the third order reflection. The third order Bragg peak
was not observed as a sharp peak in any Na-AOT sample at any concentration; however, it
should be noted that the intensity of the peak was sometimes more prominent in samples that
had not been fully equilibrated.
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Figure 3.8: SAXS profiles of the Na-AOT lamellar phase with increasing surfactant
concentration. Both 1D (left) and 2D (right) profiles are shown, obtained using line and point
collimation, respectively. Bragg peaks are shown in the 1D image with single and double
asterisks, indicating first- and second-order peaks, respectively. Both data sets show the loss
in intensity of the first-order reflection and the presence of diffuse scattering.

The diffuse scattering due to the thermal fluctuations in the bilayer is present at all concentra-
tions as a broad hump in the q space region of ~1.0–4.5 nm-1. This scattering is an indication
of the contribution of entropic Helfrich forces to the stabilisation of the system. At the lower
Na-AOT concentrations the diffuse scatter masks the second and third order lamellar peaks,
indicating that these peaks are weak and hence the long-range order in the system is also
weak, consistent with a highly defective structure. Such broad scattering is a common feature
in the SAXS spectra of L3 phases, disordered variants of the lamellar phase, which are sponge-
like in appearance and riddled with pores and passages. In the present case, it is likely that the
structure of the Na-AOT lamellar phase is also highly defective and the surfactant and/or water
regions are highly connected. At concentrations above 45 wt % Na-AOT, the Bragg peaks
significantly increase in intensity and the diffuse scattering, while not entirely absent, is no
longer a dominant feature of the lamellar phase. This is a result of the progression towards
more normal lamellar behaviour, with increased long-range ordering between bilayers and a
reduction in local defects and fluctuations along the bilayers.

Selected 2D SAXS profiles for concentrations of 25, 38 and 55 wt % Na-AOT are also shown in
Figure 3.8. These images are consistent with the 1D data, clearly illustrating the initial loss
and subsequent return of the first-order lamellar scattering. Of these three concentrations,
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the loss in first-order scattering intensity is only observed at 38 wt % Na-AOT, with first-
order Debye-Scherrer rings prominent in the images relating to 25 and 55 wt %. At 38 wt %
Na-AOT, the scattering region in which the first-order ring should be present appears dark and
is indistinguishable from background scattering, a result of this region coinciding with the form
factor minimum, where the scattering contribution is zero. At 25 wt % Na-AOT, this scattering
region (i.e. the same distance from the primary beam) also appears dark, indicating that the
form factor of the bilayer at 25 wt % may not be significantly different to that of the bilayer at
38 wt % Na-AOT. However, as the Debye-Scherrer ring at 25 wt % Na-AOT does not coincide
with the scattering region of the form factor minimum, samples at these concentrations were
historically considered to display different behaviours.

The 2D SAXS profiles also prominently show the diffuse scattering that occurs at higher q
values. At 25 wt % Na-AOT, this diffuse scattering masks the second-order Bragg peak due
to the weak ordering within these samples. At 55 wt % Na-AOT, the intensity of this diffuse
scattering appears to have decreased slightly, with the intense Bragg peaks dominating the
image. The presence of diffuse scattering at the higher concentration implies that, although the
system adopts a structure more typical of classical lamellar behaviour and the role of Helfrich
forces is reduced or negligible at high concentrations, the bilayers likely retain some elasticity.
Thus, the local structure is still defective and bilayers (to a certain extent) continue to form
connective defects to neighbouring layers. One further feature of note in the 2D profiles is the
increase in monodirectional ordering of the scattering at higher surfactant concentrations. This
is also likely a result of the Na-AOT system adopting a more classical lamellar structure with
greater ordering at higher concentrations. However, these samples were loaded into the SAXS
instrument using a flow cell and the possibility that the increased order is due to a shear effect
cannot be ruled out.

A range of Na-AOT samples were also analysed by SAXS/WAXS. The only observed feature
of the wide-angle region was a single broad peak, which was present in all samples within the
lamellar region of the Na-AOT system, indicative of the fluidity of the hydrocarbon tail region.
The absence of any additional peaks within this region shows that the phase does not undergo
a formal transition to a structure with an ordered tail arrangement. This is evidence against
the formation of a rippled lamellar phase (similar to those observed in several phospholipid
systems120) proposed by Chidichimo et al.116 Rippled phases give rise to characteristic
scattering within the wide-angle region that presents as a significantly sharper peak than any
observed within the Na-AOT lamellar phase.121 However, it should be noted that the lack of a
formal rippled phase does not contradict the evidence presented above that the bilayer contains
significant undulations at low concentrations, as the alkyl chain environment is not significantly
ordered within the disordered swollen arrangement of highly elastic bilayers.

Figure 3.9 shows plots of the bilayer repeat distance, d, in the Na-AOT system as a function
of surfactant concentration. Our own experimental results are presented in Figure 3.9 (a),
showing that discontinuous swelling does not occur. In Figure 3.9 (b), the same data set is
used to show that Fontell’s results can be recreated by assuming that the dominant Bragg
peak corresponds to the first-order lamellar reflection at all concentrations. When the q spacing
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of the second-order Bragg peak is attributed to the first-order peak within Fontell’s “ICR”, the
calculated bilayer spacings of the system imply a drastic structural reorganisation has taken
place involving a constriction of bilayers. However, when this peak is correctly assigned as the
second-order Bragg peak, the system presents no abnormal swelling behaviour. Figure 3.9 (b)
is consistent with Fontell’s published results, which were subsequently quoted and reproduced
elsewhere,87,114,122,123 even after an explanation of the intensity anomaly was published.112

To the best of our knowledge, Figure 3.9 is the first example of the Na-AOT bilayer spacings
presented in a way that definitively shows that no drastic deviation from 1D swelling occurs
within the Na-AOT lamellar phase. This figure also shows that Fontell’s data can be reproduced
with the incorporation of a single incorrect assumption. Aside from the incorrect assignment of
the “ICR”, the results presented here are in good agreement with those obtained by Fontell,
indicating that differing equilibration times do not significantly affect the bilayer spacing of the
system.

Figure 3.9: Changes in d spacing with increasing concentration for the Na-AOT system. Both
plots show the same experimental data, with (a) demonstrating that the swelling behaviour of
the system is not anomalous and (b) demonstrating that Fontell’s results can be reproduced if
the first-order Bragg peak is misidentified.

The dominance of diffuse scattering in the SAXS spectra of the Na-AOT system at 25 �C (see
Figure 3.8) illustrates that thermal fluctuations are important in this system, with the resulting
repulsive Helfrich forces playing a key role in the stabilisation of the lamellar phase, particularly
at surfactant concentrations below 45 wt %. In contrast to those at high concentrations, the
second-order Bragg peaks produced by samples below 45 wt % are weak and broad. When
combined with the evidence that Helfrich forces are a significant energy component at these
concentrations, this implies that the lamellar phase has very weak long-range order and
hence is likely to have a highly disordered, defective and undulating structure. As the bilayer
correlations in the system are governed by forces that are particularly sensitive to variations
in temperature, the L¸ phase of Na-AOT was investigated for its temperature-dependent
behaviour.
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The thermal behaviour of lyotropic lamellar phases is difficult to predict as different systems
display significantly different behaviours upon heating, dependent on the composition of the
surfactant and the intermolecular forces acting upon it. In the case of Na-AOT, the phase
diagram indicates that the lamellar phase does not transition to any other liquid crystalline
phases with increasing temperature and is stable to temperatures in excess of 100 �C at all but
low concentrations. However, the Na-AOT L¸ phase is governed by many factors that do change
with temperature, and can alter the system in opposing ways. Subtle differences can change
the outcome of this competition and there are examples of other surfactant systems in which
lamellar phases form more ordered or more disordered structures upon heating,124–127 and
other examples where the phase either swells or contracts.128,129 The forces that govern self-
assembly change with concentration and so different trends can also be observed in a single
system. Na-AOT is an anionic surfactant and so we must consider the role of the counterion and
changes in electrostatic shielding (intrabilayer and interbilayer repulsion), alongside changes in
the entropic forces and steric effects on the Na-AOT molecules, which occur upon increased
thermal energy and decreased hydration. We briefly consider the temperature dependence of
the following parameters:

• van der Waals forces: The magnitude of van der Waals forces change with temperature
because they depend upon a single temperature-dependent parameter, the Hamaker
constant. However, in comparison to the relative changes in the other forces with changing
temperature, the van der Waals forces can be considered to remain approximately
constant.130

• Steric hydration forces: Given their name, it would be rational to assume that short-range
steric hydration forces would weaken upon dehydration, and this has been reported by
(and is the accepted theory of) some researchers.131 However, these forces have been
shown to be at least partially entropic in nature, rather than a factor of the water structure,
and so others have reported the forces to strengthen with increasing temperature.132

These forces are not a factor when the water thickness is above ~20–30 Å.
• Helfrich forces: Helfrich forces are proportional to T 2 and so are expected to increase with

temperature.32 This increase is normally strengthened by a reduction in » upon increasing
temperature, as a result of a decrease in the bilayer thickness and thus increase in bilayer
flexibility.125

• Electrostatic forces: An increase in temperature will result in dehydration of the head-
groups within the bilayer, and a reduction in the shielding of electrostatic forces. This
will result in an increase in the electrostatic repulsion between headgroups and between
bilayers. The increased repulsion between headgroups will result in an increased contri-
bution to the value of ».

• Counterion dissociation: It has been reported for Na-AOT microemulsions that an in-
crease in temperature results in an increased dissociation of the Na+ counterion.133 This
would remove any steric contribution of the counterion from the headgroup area, possibly
altering the conformation of the surfactant. However, the primary effect would likely be a
further decrease in electrostatic shielding.

• Molecular shape: The molecular shape of surfactant molecules can become either more
or less inverted with temperature depending upon the exact molecular structure. However,
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the effective headgroup area of anionic surfactants generally increases with temperature
as a result of increased steric repulsion, while the length of the tails normally decreases
due to increased molecular motion, regardless of the type of surfactant.134 In the case of
Na-AOT, the large number of possible rotational isomers may facilitate a greater change
in the molecular shape than would normally be expected.

For the Na-AOT lamellar phase, the thermal behaviour can be simplified to a dependence upon
the interplay between the entropic forces (increased due to the additional thermal energy),
the electrostatic contribution (increased by dehydration and counterion dissociation), and any
steric changes in the Na-AOT molecule (due to rearrangement in the tail region or change in
the effective headgroup size). It is logical to assume that an increase in thermal energy would
result in an increase in the undulations, and this has been reported in non-ionic systems.125,130

An increase in kBT could then drive the lamellar phase formed by samples of ~45–55 wt %
Na-AOT (whose SAXS spectra were shown in Figure 3.8 to be dominated by Bragg peaks but
retain some diffuse scattering) towards more undulating structures. This loss in order would be
evident in the SAXS spectra by a broadening of peaks and a decrease in intensity. However, the
results of this work show that the opposite is true. The Bragg peaks of the Na-AOT samples at
concentrations above 45 wt % are generally observed to sharpen slightly, increase in intensity,
and shift to higher q spacings with increasing temperature (see examples in Figure 3.10). The
higher q spacing, caused by a decrease in bilayer repeat distance, can be explained by the
expected decrease in tail volume and resulting decrease in the bilayer thickness. However, the
sharpening of the Bragg peaks and increase in intensity reveals an increase in ordering, not the
decrease expected due to additional bilayer fluctuations. This must be the result of an increase
rather than decrease in the value of » and implies that the increase in electrostatic repulsion
(and possible reorganisation of the Na-AOT tails) sufficiently negates the increased value of
kBT at high Na-AOT concentrations.

Figure 3.10: Evolution of the first-order Bragg peak with increasing temperature for Na-AOT
samples of 46 and 53 wt % surfactant. Note an increase in q, slight sharpening of the peaks,
and increase in intensity at higher temperatures.

The decrease in d spacing with temperature is not only observed at high surfactant concen-
trations, but is a trend observed throughout the lamellar region, with selected values shown
in Table 3.1 and Figure 3.11. At many concentrations, the shift is not large and may be
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Table 3.1: Values for the q spacing of the first-order Bragg peak (q*) and the corresponding
bilayer repeat distance (d) at selected Na-AOT concentrations and temperatures.

Concentration (wt %)
q* (nm-1)§ d spacing (Å)

25 �C 50 �C 90 �C 25 �C 50 �C 90 �C

20.0 0.576 0.588 0.650 109.14 106.80 96.65
24.9 0.723 0.744 0.757 86.88 84.44 82.98
29.7 0.877 0.887 0.918 71.63 70.86 68.43
33.0 0.973 0.992 1.013 64.58 63.34 62.03
35.0 1.053 1.073 1.103 59.67 58.56 56.96
38.0 1.147 1.169 1.206 54.78 53.77 52.10
40.0 1.204 1.230 1.262 52.21 51.08 49.81
42.5 1.295 1.336 1.366 48.52 47.03 46.00
44.8 1.357 1.388 1.412 46.30 45.27 44.50
47.5 1.457 1.517 1.556 43.12 41.42 40.38
50.0 1.562 1.632 1.682 40.23 38.50 37.36
54.9 1.753 1.780 1.824 35.84 35.30 34.45
60.0 1.901 1.938 1.984 33.05 32.42 31.67

§For Na-AOT concentrations between 35.0 and 42.5 wt %, the q* value is taken as half
of the second-order q value.

explained by a change in the bilayer thickness (and thus its reduced contribution to the value
of d). However, the magnitude of the change is not consistent, and generally decreases with
increasing concentration, with the exception of erratic variations at intermediate concentrations.
At the lower concentration end of the lamellar region, the change in d spacing is significant
and is an indication of another contributing factor that promotes bilayer constriction within
this region. It should be noted that hysteresis was observed in SAXS experiments obtained
when cycling the temperature; however, with sufficient relaxation time at 25 �C, the q spacings

Figure 3.11: The effect of temperature on d spacing in the Na-AOT system. A larger change is
seen at low surfactant concentrations, but 1D swelling is essentially retained.
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eventually returned to their initial values and so changes in repeat distance are not due to
changes in the sample composition through loss of water.

The combined decrease in d spacing and increase in peak intensity, as shown in Figure 3.10 for
samples of 46 and 53 wt % Na-AOT, results in the SAXS spectra at increased temperatures for
a fixed Na-AOT concentration mimicking those obtained by increasing the surfactant concen-
tration at a fixed temperature. An increase in temperature producing the same trends observed
with increasing surfactant concentration also holds true for samples at lower concentrations;
however, the differences in the scattering patterns at these concentrations appear more
significant, as this mimicking of the concentration-dependent behaviour includes the intensity
variations of the Bragg peaks.

The SAXS spectra of low surfactant concentration samples that display first-order Bragg peaks
at 25 �C were observed to lose this peak upon heating (a 20 wt % Na-AOT example is shown
in Figure 3.12). This loss in intensity occurs due to the reduction in the bilayer repeat distance,
shifting the peaks towards the region of q space that coincides with the form factor minimum,
and hence is the same trend observed with increasing concentration. Compared with samples
at high concentrations, the changes in the SAXS patterns at lower concentrations are more
significant, and alongside the intensity variation of the first-order Bragg peak, changes in the
magnitude of the diffuse scattering is also evident. The more drastic changes in appearance
may be due the scattering being weaker to begin with (and thus changes appear larger in
magnitude). However, the more likely reason is that the highly disordered structures formed
at low concentrations are more sensitive to changes in thermal energy than those at higher
concentrations, which are limited in their degree of thermal fluctuations through a combination
of stronger intermolecular interactions and smaller repeat distances that limit the capacity of
the bilayer to undulate (as a general rule, the water thickness has to be greater than the bilayer
thickness for out-of-plane fluctuations to be allowed).135

Figure 3.12: Evolution of the first-order Bragg peak with increasing temperature for Na-AOT
samples of 20 and 38 wt % surfactant. At 20 wt %, the peak decreases in intensity and shifts to
higher q spacings. At 38 wt %, the peak is absent at low temperatures, but becomes prominent
at higher temperature, with increases in q spacing and intensity. However, the trends at 38 wt %
are erratic, with the variation in q spacing not consistent, and a drop in intensity observed at
90 �C.
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Surfactant concentrations where the first-order Bragg peak is absent at 25 �C were also shown
to be sensitive to thermal fluctuations, while still following the general trend of producing
SAXS spectra similar to those observed with increasing concentration. As the temperature
is increased, the first-order Bragg peak reappears and then increases in intensity as the SAXS
patterns gradually begin to resemble those of classical lamellar phases with well-defined Bragg
peaks. This can be seen in Figure 3.12 for a 38 wt % Na-AOT sample, although it is noticeable
that the changes are considerably more erratic than those shown at other concentrations (there
are sharp changes in the q spacing and the intensity of the peak decreases again at 90 �C).

The overall trend observed throughout the lamellar phase region is that increases in temper-
ature produce increases in ordering similar to those observed with increasing concentration.
This implies that the increase in electrostatic repulsion between headgroups more than com-
pensates for the increase in thermal energy that would be expected to result in increased
undulation. While the trend described above was observed throughout the lamellar region,
we note that samples between 34 and 40 wt %, however, often display significant variations
in thermal behaviour with very minor changes in concentration. These variations concern the
second-order Bragg peaks and diffuse scattering. The second-order Bragg peaks are observed
to increase in some samples but decrease in others, with no obvious trend. This can be seen
in Figure 3.13, which also illustrates the large decrease in diffuse scattering, suggesting a
significant change in the form factor (and thus structure) of the bilayer, which likely arises due
to the increased motion within the alkyl tail region and possible conformational changes. The
lack of an obvious trend in the second-order peak intensity may be because the changes are
a factor of metastable defects. Samples within this concentration region were extremely fluid,
which may be an indication of a defective local structure. If different samples have different
types/compositions of local point defects, then the structures may produce different metastable
structures upon heating. Curiously, samples at several concentrations displayed the behaviour
seen at 34 wt % Na-AOT (shown in the 3D image of Figure 3.13), where the first-order Bragg
peak disappeared and then reappeared. This implies a large increase in order, comparable
to a significant increase in surfactant concentration of ~8 wt %. As the sample concentration
was confirmed upon cooling not to have changed, the various forces that govern the behaviour
must change significantly, which again may be due to the starting state of the microstructure
providing a favourable energetic pathway upon heating.

It is somewhat paradoxical that an increase in thermal energy does not result in an increase in
thermal undulations. The result is, however, consistent with the changes in the birefringence of
the lamellar phase, where samples between ~30 and 45 wt % Na-AOT are observed to change
from negative to positive birefringence upon a sufficient increase in temperature.64 This is now
known to be due to a decrease in undulations.111 Broadly speaking, in most lamellar phases
Helfrich forces are either dominant due to lack of charged species, or are not observed at all
because they are negated by electrostatic forces. So, the key question in the Na-AOT system
is not why are the undulations suppressed by electrostatic forces at high temperatures, but why
are they are not suppressed at low temperatures?
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Figure 3.13: 3D and 2D plots showing the evolution of SAXS profiles of 34 wt % (left) and
40 wt % Na-AOT (right) upon increasing temperature. The data sets of the two samples are
presented in different ways to best illustrate the different behaviours that are exhibited within
this region of the lamellar phase. Bragg peaks are marked by asterisks in both plots. The 3D plot
at 34 wt % Na-AOT shows that the intensity of the first-order Bragg peak initially decreases with
temperature, and the peak is not observed within a temperature range of ~40–70 �C, before
it returns and subsequently increases in intensity again. The second-order Bragg peak shows
similar intensity variations with temperature. The diffuse scattering, most evident at ~3–4 nm-1,
significantly decreases with temperature and does not reappear at high temperatures. The
2D plot at 40 wt % Na-AOT does not as adequately illustrate the variation in the first-order
Bragg peak (although this is shown in the inset to increase in intensity with temperature), but
more adequately displays the small shifts to higher q spacings. The second-order Bragg peak,
diffuse scattering and possible third order contribution all decrease in intensity with increasing
temperature.

The answer to this question is undoubtedly a combination of many factors. We can offer
two explanations that are likely both significant contributing factors. Firstly, the counterion
binding at low temperatures is sufficiently strong to significantly shield the headgroup repulsion.
Evidence for this is provided by the temperature dependence of Na-AOT-based microemul-
sions, which show the opposite behaviour to non-ionic systems in that the spontaneous
curvature decreases at high temperatures, a property that has been attributed to headgroup
repulsion upon counterion dissociation. Secondly, the branched surfactant tails may promote
undulations in the bilayer at low temperatures through the adoption of various rotational
conformations that are then not stabilised at higher temperatures. Tentative evidence for this
can be found in the reported intensity variations observed in Raman spectra by Faiman
et al.,99 the likely cause of which is the same molecular changes observed with increasing
concentration.102–104 Further support is again given by Na-AOT microemulsions that display
similar behaviour.136,137 This implies that upon increasing temperature, the Na-AOT tails adopt
more kinked conformations through rotation of C–C bonds, which would explain the decrease
in bilayer thickness and also result in an increase in interfacial area at high temperatures
(illustrated schematically in Figure 3.14). There are many examples in phospholipid systems
of trans–gauche isomerisation upon heating, and this is sometimes accompanied by a pre-
transition involving an undulating or rippled structure.138 A conformational change in the
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Na-AOT tail region explains the more drastic changes in the SAXS patterns observed for lower
concentration samples, as those of higher concentration have been reported to be comprised
of predominantly one splayed conformation rather than a mixture and so will be unlikely to
undergo a similar isomerisation.103,104 Hence, the electron density distribution, and thus form
factor, will not be as significantly altered at higher surfactant concentrations.

Figure 3.14: Schematic representation of trans–gauche isomerism in the Na-AOT tail region
upon heating. Increased molecular motion within this region at higher temperatures causes the
region to become more fluid and disordered, and results in a reduction in the bilayer thickness.
However, the undulations in the Na-AOT bilayer are suppressed due to a reduction in the trans
isomers (shown in red), which at low temperatures provide the variation in packing modes that
promote an undulating structure. Despite the fluid tail region and reduced thickness, the high
temperature bilayer may be stabilised through the increased lateral pressure provided by the
tails at the hydrophobic/hydrophilic interface and an increase in electrostatic repulsion (that
arises due to counterion dissociation and dehydration).

The SAXS spectra showing the thermal behaviour of the Na-AOT system reveal two important
points: the sensitivity of the elastic properties of the Na-AOT bilayer to temperature, and a
possibly important role of the Na-AOT tails. Despite the lamellar phase persisting at higher
temperatures, the structure is clearly sensitive to small changes in thermal energy, and so
the elastic properties of the bilayer can be manipulated by small variations in temperature.
This confirms that the values of kBT and » are (at some concentrations and temperatures)
approximately equal, and means that the stability of the Na-AOT lamellar phase depends on
the interplay between the resulting Helfrich forces and the electrostatic and van der Waals
forces. However, this competition is then further complicated by the conformational isomerism
of the Na-AOT molecule and any possible metastable defects that may result from structural
changes.

Sodium AOT Optical Microscopy

Concentration gradient POM images (described in Chapter 2) provide limited insight into the
defect behaviour in surfactant systems. This is because they are generally captured at low
magnifications, and for any point of interest the exact surfactant/water composition is unknown.
However, the technique is a useful first step when characterising the phase behaviour of a
binary surfactant/water system. In the case of the Na-AOT system, the phase behaviour has
been characterised previously, and the above discussion clearly shows that the system retains a
lamellar structure rather than undergoing any of the previously suggested structural transitions.
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However, the concentration gradient POM image of the system, shown in Figure 3.15, illustrates
how these ideas would arise. While the inverse hexagonal and inverse bicontinuous cubic
phases are easily identified based on their characteristic textures (fan-like and isotropic,
respectively), the regions of positive and negative birefringence within the lamellar phase are
remarkably different in appearance.

Figure 3.15: Concentration gradient of the Na-AOT system at ⇥40 magnification and ~25 �C
viewed under (a) crossed polarised light and (b) with the addition of a quarter-wave plate.

Although the change from positive to negative birefringence with dilution in the Na-AOT system
has been shown to be consistent with the retention of lamellar bilayers, the Na-AOT system
clearly exhibits different behaviours either side of this divide. Changes in the SAXS patterns
and birefringence upon dilution are explained in terms of entropic forces providing an increasing
contribution to the total energy of the system. It follows that the differences observed between
the positively and negatively birefringent lamellar regions in the concentration gradient are likely
due to the decrease in the long-range order upon the swelling of the lamellar phase. The swollen
nature of the phase at low concentrations is evidenced by the formation of myelin structures
at the surfactant/water boundary, clearly visible when the concentration gradient is captured
using a quarter-wave plate: see Figure 3.15 (b). In contrast to the concentrated region of the
lamellar phase, which was observed to be highly birefringent and viscous, the dilute region
was weakly birefringent and a quarter-wave plate was required to capture the two regions
clearly within a single image. The dilute region was also found to be less viscous (discussed
in Appendix E), and the texture appears uneven (or “bumpy”) within this region rather than
aligning flush against the confining cover slip. This apparent unevenness originates within the
region in which the optic sign of the birefringence changes, and entropic forces likely have an
important role in governing the self-assembly. Based upon the previous SAXS measurements
and the work of Nallet et al., we can infer that the uneven appearance of the texture is likely
due to the presence of a highly swollen lamellar phase. This phase is formed of bilayers that
are only stabilised via weak intermolecular interactions, meaning that it will be likely to undergo
constant rearrangement and begin to flow with continued penetration of water towards the pure
material at the centre of the slide.
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The defect behaviour of the Na-AOT system was characterised using a combination of POM
and cryo-SEM, which were used to examine samples of known composition. Neither technique
used individually can provide enough detail to fully characterise the system with confidence.
POM reveals the nature of larger defects (greater than 1 —m) and is suitable for larger sample
volumes. It is a well-established technique and can be used to confirm that samples are
correctly equilibrated and the observed defect behaviours are representative of the entire
sample. POM also allows in situ observations to be made as the experimental conditions
are changed, and thus samples can be monitored over time or upon changes in temperature.
Cryo-SEM can provide much more information about the local defect behaviour and the domain
boundaries within the system; however, the area of sample viewed is relatively small. As
the sample is cryogenically frozen, the samples are not viewed in their dynamic state and
observations cannot be made in situ with changes to the energy of the system. A cryo-SEM
methodology has not yet been produced that allows the reliable freezing of samples from
elevated temperatures and so cryo-SEM observations are generally of samples frozen from
their room temperature state. Through a combination of the two techniques, which in our
investigations were shown to be in good agreement, we are able to characterise the Na-AOT
system in more detail.

The POM images of Na-AOT samples in Figures 3.16 and 3.17 show how the defect behaviour
of the L¸ phase evolves as a function of concentration. Samples at the low concentration
end of the two-phase (L1/L¸) region (not shown) give predominantly isotropic POM textures
due to the disordered nature of the micellar phase. As the Na-AOT concentration increases,
the relative increase in the amount of lamellar phase results in anisotropy, and large Maltese
crosses become the prominent feature of the textures, as observed at 10 wt % Na-AOT (see
Figure 3.16). Maltese crosses indicate the presence of spherulite structures composed of
lamellar bilayers. Within the two-phase region these structures are isolated within an isotropic
background and so can be considered as multilamellar vesicles (MLVs) existing within a bulk
water/micellar medium. As the Na-AOT concentration increases, the number of Maltese crosses
increases, and the spherulites become incorporated within a global lamellar structure. As such,
we define them as focal conic domains of positive Gaussian curvature (FCD-II), i.e. as defects
within the lamellar structure rather than as MLVs.

The terms FCD-II, MLV and onion are often used interchangeably as they relate to the
same spherical structural arrangement composed of stacked bilayers. However, the terms
are not truly synonymous, as they can be distinguished based on how they interact with the
surrounding medium. In this discussion, FCD-IIs are considered as defects embedded within
a global lamellar structure, while MLVs (and onions) are considered as singular, disconnected
structures. MLVs can exist as isolated structures within a biphasic solution (as observed in the
two-phase region of the Na-AOT system) or can be induced by the shearing of some lamellar
samples. In the case of shearing, a concentrated array of MLVs is formed and the sample is
composed almost entirely of densely packed spherulite structures (sometimes called an onion
phase and discussed for the Na-AOT system in Appendix E). In the case of FCD-II defects,
the boundary with the surrounding medium can be sharp or gradual. The bilayers immediately
surrounding the point of the singularity are highly curved, and the curvature demands decrease
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Figure 3.16: POM images of Na-AOT between 10 and 45 wt % surfactant at ~25 �C. FCD-II
defects are observed at low concentrations, which are replaced by grainy and streaky textures
upon increasing concentration. A change from negative to positive birefringence occurs around
35–40 wt % Na-AOT. Scale bars are 100 —m.
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Figure 3.17: POM images of Na-AOT between 50 and 85 wt % surfactant at ~25 �C. A
progression from oily streaks composed of FCD-I defects to mosaic patterns is observed in the
lamellar phase with increasing concentration. Isotropic and fan-like textures reveal the presence
of VII and HII phases, respectively. Scale bars are 100 —m.
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significantly for the bilayers further removed from the defect. The bilayers may gradually relax
into the global lamellar phase, such that the focal conic domain is embedded within a lamellar
phase of the same average repeat spacing, with no distinct boundary defining the end of the
defect and the beginning of another domain. Equally, the FCD-IIs may form sharp boundaries
with other lamellar domains, such as bilayers orientated in other directions or with other
FCD-IIs. As the boundary conditions (and thus packing constraints) of the FCD-IIs change, the
defects can compensate by deviating from the ideal spherulite shape, which is clearly observed
within the Na-AOT system as the number of FCD-IIs increases.

Images showing sample concentrations of 15, 20 and 25 wt % illustrate the gradual change
in the nature of the FCD-II defects. When compared with the biphasic region, there is a
significant increase in the number of defects and the majority are smaller in size, although
some large and easily identifiable defects remain at all three concentrations. The backgrounds
of the images have regions that appear to be isotropic and birefringent regions that appear
“grainy”. When the sample stage was rotated, the grainy regions gradually became dark, while
the previously dark regions appeared anisotropic and grainy. This implies that the structure
contains an averaged ordering within these regions, possibly through the formation of large
domains of directionally ordered bilayers. However, this pattern is also consistent with the
formation of many FCD-II defects too small to be observed individually, due to the resolution
capabilities of the microscope. As the Na-AOT concentration increases, the Maltese crosses
become significantly distorted (shown clearly at 25 wt %), indicating that the bilayers adopt
non-spherical and disordered arrangements around the point of the FCD singularity. It should
be noted that FCD-IIs can be elongated by small amounts of shear during sample preparation;
however, such structures are generally observed to regain a spherical shape over time, while
the defects in the Na-AOT system were observed to be very stable and hence the distortions
result from the packing constraints imposed by their surroundings (such as interactions with
other defects) and/or changes in the elasticity (and thus curvature requirements) of the bilayer.

At Na-AOT concentrations of 30 and 35 wt %, few undistorted FCD-II defects are observed
and the dominant feature of the textures are the grainy domains, which at 30 wt % are smaller
and randomly orientated. For samples between 35 and 40 wt % Na-AOT, individual defect
points were rarely observed and the textures appeared predominantly isotropic, although some
grainy domains and a small number of oily streaks were also observed. In contrast to samples
at both lower and higher Na-AOT concentrations, there is an apparent significant decrease in
the number of defects present in the lamellar phase within this concentration range. However,
as previously noted, the optic sign of the birefringence changes within this region, meaning
that features are less easily identified. Additionally, these samples were observed to be of low
viscosity and the streaky features in the 40 wt % Na-AOT image are characteristic of a sample
under flow.

Based on the SAXS data, this is the region in which the contributions of Helfrich and elec-
trostatic forces to the energy of the system are delicately balanced. Thus, it is an area of
significant interest as changes in the defect structure and connectivity of the lamellar phase
likely take place in this region. As such, this area was sampled extensively in an attempt to
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gain additional information. However, despite the use of different light sources (the change in
birefringence is dependent upon the wavelength of light passing through the sample), very little
information was garnered, as the number of observable defects remained very low. However,
some regions of birefringence were observed in which defects similar to those observed either
side of the loss of birefringence coexisted. To rule out the possibility that the apparent reduction
in defect concentration was due to the low viscosity resulting in thinner samples (and thus a
reduction in the number of defects present), the samples were also viewed in microslides with
a defined thickness of 100 —m, producing textures not remarkably different from those shown
in Figure 3.16. The problems associated with the weakly birefringent material mean that POM
is not sufficient to confidently characterise the defect behaviour of the system in this region. As
such, cryo-SEM was used to gain further insight and is discussed below.

At 50 wt % Na-AOT, the lamellar phase is clearly birefringent and the defects are once
again clearly discernible. Figure 3.17 shows that the defects formed at 50 wt % Na-AOT are
significantly different to those at lower concentrations. There is a large number of defects,
which are predominantly FCD-Is, and can be seen both individually and conjoined in the
form of oily streaks (although some distorted FCD-II defects also remain). FCD-I and FCD-II
defects have the same disclination “strength” but the opposite sign (s = �1 and s = +1,
respectively). Although they can be distinguished in POM images as the brushes of the crosses
are characteristically different, in this research the identification was confirmed by observing the
defects upon rotation of the sample stage. The pattern formed by FCD-I defects is observed
to rotate in the opposite direction to the sample, whereas the pattern of FCD-II defects rotates
in the same direction. The domination of the texture by FCD-I defects shows an overall move
towards more negative Gaussian curvature and thus indicates a change in the elasticity of the
bilayer.

At 55 wt % Na-AOT, the oily streaks are longer than those observed at 50 wt % and the
decrease in both the number of individually discernible FCD-I defects and the size of those
that are observed indicates that the defects composing the streaks are smaller. Upon further
increases in concentration (60 and 65 wt % Na-AOT in Figure 3.17), the streaks begin to align
and form small orientated streaky domains. The POM image for 70 wt % Na-AOT shows the
continued presence of oily streaks, some of which appear obviously striated, but between the
streaky regions the dominant feature is now the “marbled” or mosaic-like pattern that reveals
the structure to be highly curved with a complex packed array of defects, which are clearly
distorted by those surrounding them.

The textures for samples at 80 and 85 wt % Na-AOT are characteristic of VII and HII phases. The
3D ordering of the VII phase results in isotropic textures, while the HII phase produces brightly
coloured textures with fan-like domains, formed by the rapid growth of the phase in different
directions from many nucleation points. The domains are separated by line disclinations that
minimise the local strain, and the size, orientation and colour of the fan-like domains are
determined by the shear involved in preparing microscope slides of the extremely viscous
material. As the features in textures of the HII phase are a factor of the slide preparation, they
provide no relevant information other than the initial classification of the phase formed.
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Given that the SAXS profiles of the Na-AOT lamellar phase could be changed significantly
by altering the temperature, this effect was also investigated by POM. The birefringence
of samples between 33 and 42 wt % Na-AOT could be easily manipulated by varying the
temperature, and is consistent with the changes in the SAXS spectra reported above. However,
somewhat surprisingly, the defects within textures in sealed samples were not observed to
change significantly with increases in temperature, except in the vicinity of the phase boundary
between the lamellar phase and isotropic fluid. Elevations in temperature that promoted the rise
or fall of the first-order Bragg peak of low concentration lamellar samples in SAXS experiments,
did not result in significant changes to the defect behaviour when observed by POM. This
implies that once formed, the FCD defects are stable and do not change form, despite the
thermally induced changes to the bilayer elasticity. An exception to this was observed when
unsealed samples were heated. The lack of confining walls meant that samples were not
restricted from flowing. As such, samples were observed to significantly change under the
microscope as the temperature increased. FCD-II defects were observed to move through the
sample, and in some cases, deform and eventually break up. FCD-I defects were observed
to elongate and become obviously striated as the samples flowed. These effects are likely in
part due to flow resulting in a thinning of the sample, but could also be due to changes in
concentration due to dehydration of the sample.

The general trend revealed by POM observations can be described simply as the progression
towards defects of increasingly negative curvature with increasing surfactant concentration,
illustrated in Figure 3.18. A gradual transition from FCD-IIs of positive Gaussian curvature
to FCD-Is of negative Gaussian curvature is observed with increasing concentration. This
progression is logical, as while the phase behaviour of the system is dominated by a wide-
ranging L¸ phase, it forms phases of positive and negative Gaussian curvature at lower and
higher concentrations, respectively. The focal conic defects are formed to satisfy the curvature
frustration of the Na-AOT bilayer, which arises from the inherent desire of each of its monolayer
components to curve. As the forces governing the self-assembly change with concentration,
so do both the elasticity of the lamellar bilayers and the subsequent energy costs that need to
be dissipated through the formation of defects. The Na-AOT lamellar phase exists over a large
concentration range and so the curvature requirements at each extreme are different. Defects of
positive curvature are formed at the dilute extreme, where it borders a micellar phase. Defects
of negative curvature are required at high concentrations with oily streaks formed, which then
give way to highly curved mosaic-like arrangements in the proximity of the bicontinuous cubic
phase. The lamellar phases of most binary systems do not exist over such large concentration
ranges, and so do not contain the range of defects (and inversion of curvature) observed in the
Na-AOT system. However, the transition from FCD-II to FCD-I upon increasing concentration
has been shown in non-binary systems, such as in the cetylpyridinium chloride/hexanol/brine
system studied by Kléman.139 The observation of this behaviour in the binary Na-AOT system
suggests that the Na-AOT bilayer has an inherent flexibility (likely due to the branched tails)
that is only matched in most other systems through the inclusion of a cosurfactant.

The switch in defect behaviour from positive to negative Gaussian curvature on increasing
concentration coincides with the change in birefringence, and thus may be partially due to the
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Figure 3.18: Schematic representation of the defect types formed in the Na-AOT lamellar phase
with increasing concentration. The system undergoes an inversion in curvature resulting in a
change from defects of positive Gaussian curvature to defects of negative Gaussian curvature,
which exist as spherulite structures, oily streaks or mosaic patterns. This illustration shows
idealised defect forms, when in reality, the defects distort upon changes in concentration, as
shown in the POM images. Scale bars are 50 —m.

changes in the elasticity of the bilayer and governing forces within this region. However, it should
also be stressed that although reduced in number, FCD-II and FCD-I defects were observed to
coexist within this region, and that observations of their structure over the full lamellar phase
concentration range showed that the defects change gradually in order to satisfy the evolving
energy demands of the system. They were observed to change in size, shape, orientation and
degrees of interaction. These defects clearly have an important role in stabilising the lamellar
phase, and the ability of the defects to adapt in this way should not be underestimated. As
the simplistic indefinite flat bilayer description of the lamellar phase is outdated and clearly
untrue for real systems, the idealised schematic representations of the defects themselves
(such as those shown in Figure 3.18) may in time come to be considered as an unhelpful
oversimplification.

Sodium AOT Cryo-SEM

The POM images presented above illustrate the important role of large FCDs in the stabilisation
of the Na-AOT lamellar phase. The role of these defects is to dissipate the curvature energy
costs of the system that arise from the packing of monolayers (with a non-zero value of
mean curvature) into a stacked arrangement of bilayers. The overall change from positive to
negative Gaussian curvature reveals how the curvature frustration of the bilayer changes with
concentration. However, the POM does not reveal the nature of defects that exist on smaller
lengthscales. As such, cryo-SEM was used in this research to investigate the local structure
of the lamellar phase, revealing how the connectivity between bilayers, and the degree of
deviation from the classical description of flat indefinite bilayers, changes with concentration.
The cryo-SEM images also provide a clearer illustration of the distortion of large FCD defects
observed via POM, and the boundaries between lamellar domains.
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Cryo-SEM images obtained at Na-AOT concentrations of 25 and 38 wt % Na-AOT are shown
in Figure 3.19. The dominant structural feature in the images of both concentrations, not
revealed in the POM investigation, is the obvious disorder within the microstructure. There
is a high degree of connectivity and the lamellar phase clearly deviates from flat bilayers,
with bilayer undulations and flexibility evident. At low magnifications, the sample of 25 wt %
Na-AOT – shown in Figure 3.19 (a) – displays behaviour that is consistent with the POM
observations, with several large spherical FCD-II defects of over 10 —m observed alongside
many smaller and distorted FCD-II defects. Several examples are marked in red, although
we are unable to determine the exact boundaries between the defects and the surrounding
phase. Similarly, while different regions of the sample appear to have an average direction
of orientation, no distinct domain boundaries are visible. The reason for this is revealed in
the higher magnification images, which show the phase to be very disordered on a local
scale. Figure 3.19 (b) shows a focal conic defect that merges with neighbouring regions
despite them aligning in different directions, while Figure 3.19 (c) is an enlargement of the
area indicated in Figure 3.19 (a) and partially shows the two large FCD-IIs and the area
between them. Both images reveal the large number of microstructural defects present, in the
form of connective passages between surfactant bilayers, pores that provide water pathways
through layers, and closed defects that restrict water movement. On local lengthscales, the
sample displays characteristics that resemble those of the L3 phase, with many connected and
randomly orientated passages forming continuous surfactant and water networks. However,
the closed defects disrupt the continuity of both domains and imply that the positive Gaussian
curvature restricts the formation of a true L3 phase. The phase is obviously less disordered
than a L3 phase, and has an average bilayer repeat distance and regions with overall average
directional order. However, the bilayers are clearly very flexible and so can facilitate changes in
directional order without the formation of harsh curvature environments, which are unfavourable
and usually result in distinct boundaries between domains. As such, the low concentration
lamellar samples do not exhibit defects that are commonly associated with the lamellar phase,
such as screw defects and clusters of small FCD defects in the form of grain boundaries.

At 38 wt % Na-AOT, the degree of disorder within the microstructure is significantly reduced
and directional order is clearly evident. However, there remains a large amount of connectivity
between bilayers, and the undulation is obvious. Whether viewed from an angle parallel (side-
on) or perpendicular (top-down) to the bilayers – Figure 3.19 (f) shows both views – the
deviation from the idealised flat stack of layers is easy to perceive, despite the overall structure
being instantly recognisable as a L¸ phase. This sample concentration is within the region
previously described as anomalous, and the sample showed no first-order Bragg peak in SAXS
experiments and very little birefringence under a polarising optical microscope. It is clear from
the images that the only deviation from lamellar ordering is through bilayer undulation. In fact,
compared to samples of either higher or lower surfactant concentrations, there are less large
defects present. This was stated tentatively in the POM investigation as the observation could
have been a factor of the weak birefringence. The cryo-SEM shows that some FCD-II defects
remain, but they are significantly smaller than many of those observed at 25 wt % Na-AOT
(generally between 0.5 and 2 —m) and are significantly reduced in number. One FCD-II defect is
shown in Figure 3.19 (e), and although the sample has cracked due to damage from the electron
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Figure 3.19: Cryo-SEM images of Na-AOT samples of (a–c) 25 and (d–f) 38 wt % surfactant.
Red circles highlight examples of FCD-II defects. Black rectangle in (a) is enlarged in (c).
Yellow boxes in (d) highlight features consistent with screw dislocations. The insets show the
corresponding POM images, with scale bars of 50 —m.

beam, it is noteworthy that the defect is almost seamlessly integrated into the surrounding
orientated phase, despite its small size. This is a further indication that the Na-AOT bilayers
retain flexibility at this concentration. This flexibility also facilitates the gradual redirection of
the bilayer orientation resulting in continuous regions of moderate curvature. In contrast to the
images at 25 wt % Na-AOT, there is evidence of lamellar domains along different directional
axes, and features akin to those identified as screw defects elsewhere (highlighted in yellow).140
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Figure 3.20 shows cryo-SEM images for samples of 45 and 60 wt % Na-AOT, both concentra-
tions at which the properties of the Na-AOT system have been reported to change. The lowest
concentration at which typical lamellar behaviour is reported (in that the first-order SAXS peak
and positive birefringence are observed) is approximately 45 wt % Na-AOT. It is also above this
concentration that Callaghan et al. reported that the water diffusion changed from 2D to ~3D,
while at 60 wt % they observed a change back to 2D diffusion, which also coincides with the
drop in electrical conductivity.47

Comparison of Figure 3.20 with the cryo-SEM images for lower Na-AOT concentrations reveals
a drastic loss in the degree of undulation along the bilayers when the Na-AOT concentration is
increased from 38 to 45 wt %. Although some fluctuation is still evident – most obvious in the
higher magnification image shown in Figure 3.20 (c) – the phase is considerably more ordered.
Connectivity between the surfactant bilayers remains, but there is a significant reduction in
the number of connections, and those that are present are grouped together between small
regions of compacted bilayers. Despite these obvious differences between the structures at 38
and 45 wt %, there are also some similarities. The number of large defects remains low and the
structure is arranged into several domains with different directional axes. Although not many
large defects are observed, some FCD defects are present in the form of FCD-Is that align to
form isolated oily streaks. There are also areas in Figure 3.20 (c) in which the ordering of the
bilayers is clearly distorted, which is likely due to the formation of edge dislocations, but could
be caused by defect points below the plane of view.

From the previously described SAXS results, samples of 60 wt % Na-AOT are expected to
show classical lamellar behaviour, as this concentration produced strong Bragg reflections far
greater in intensity than any diffuse scattering. As such, thermal undulations would not be
expected to have a significant role in the structure of the system. The POM images at this
concentration showed short clusters of oily streaks in a texture typical of lamellar systems.
The low magnification cryo-SEM image for 60 wt % Na-AOT – shown in Figure 3.20 (d) –
correlates well with the POM and SAXS results, as it shows a large domain of ordered lamellar
bilayers, with several other domains visible in the background. Partially bisecting this region
is an oily streak, indicated by the red arrow. This image also shows a feature not observed
at the previously discussed concentrations, in the form of distinct grain boundaries separating
domains of different orientations. The most obvious of these boundaries is highlighted in yellow
and is composed of a cluster of defects. The nature of these defects is not obvious but may be
a collection of oily streaks composed of small FCD-Is, or the result of screw dislocations. The
presence of a periodic line of pitted defects in the same region indicates that there are streaks
of FCD-I defects below the region of observable structure, consistent with the pits resulting
from the hyperbolas of the FCD-Is when viewed from above. Despite the obvious presence
of a typical ordered L¸ phase at 60 wt % Na-AOT, the two images at higher magnifications
show that the structure still contains connective defects and that the bilayers are not planar.
The microstructure in Figure 3.20 (e) is similar to that shown in Figure 3.20 (c) for the sample at
45 wt % Na-AOT. Figure 3.20 (f) also shows the presence of many edge dislocations at 60 wt %
Na-AOT, which are primarily s = +1/2. The formation of such defects is consistent with a typical
lamellar phase and provides further connectivity between the bilayers.
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Figure 3.20: Cryo-SEM images of Na-AOT samples of (a–c) 45 and (d–f) 60 wt % surfactant.
Red dashed line in (b) shows a oily streak. Red arrow in (d) highlights an oily streak within a
lamellar domain. Yellow dashed line in (d) indicates a domain boundary composed of a cluster
of defects. Yellow dashed lines in (f) illustrate an example of a series of edge defects. These can
be identified as s = +1/2, although they are likely paired with either complementary s = �1/2
defects or (given the gradual tilt of the structure towards a plane parallel to the imaging angle)
screw dislocations. The insets show the corresponding POM images, with scale bars of 50 —m.
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At 70 and 75 wt % Na-AOT, POM images showed that with increasing surfactant concentration,
a continuing trend towards negative curvature results in a change in the structure from many
short oily streaks to mosaic-like patterns. The cryo-SEM images for samples of the same
concentrations are once again in excellent agreement with the POM images. Cryo-SEM images
at 70 wt % Na-AOT (shown in Figure 3.21) display a more ordered local structure in comparison
with images at lower concentrations, with a reduction in connective defects. However, the
macrostructure reveals a large increase in FCD-I defects, due to the continued progression
towards negative curvature. Many oily streaks are observed in Figure 3.21 (c), along with
saddle-splay surfaces and packed defects that deviate from the idealised shape. The large
number of defects and increase in curvature results in few ordered classical lamellar domains
such as those observed at 60 wt %.

At a concentration of 75 wt % surfactant, the L¸ phase of the Na-AOT system is in close
proximity to the L¸–VII phase boundary. Given that the VII phase is a bicontinuous structure that
conforms to an infinite periodic minimal surface, it is not surprising that the lamellar phase is
highly defective and exhibits large amounts of curvature. In particular, the images in Figure 3.21
show the formation of many saddle-splay surfaces that likely facilitate this transition. The POM
texture shows a mosaic pattern formed by the close packing of many different defects. The
cryo-SEM image is consistent with this description, showing a packed array of small domains,
most of which are formed around distorted oily streaks. These streaks range between ~5 and
15 —m in length and are composed of adjoined FCD-I defects with a maximum individual size
of ~2 —m. The streaks in excess of 10 —m are observed to be highly curved.

Samples with high concentrations of surfactant (above approximately 65 wt % Na-AOT) were
prone to damage from the electron beam, and exhibited cracking during attempts to obtain
high magnification images. An example of this is shown in Figure 3.21 (f), where the dark lines
around the two prominent streaks are an artefact of damage rather than a structural feature.
Despite being restricted to low magnifications, it is clear that the bilayers no longer undulate
and, despite the macroscopic curvature, the local bilayer structure appears to be highly ordered.
Such ordering is expected in the high concentration lamellar phase, as small bilayer repeat
distances result in strong intermolecular forces and the curvature involved in forming connective
neck defects becomes energetically unfavourable. However, at small repeat distances the steric
hydration forces result in strong repulsion between bilayers and likely contribute to the L¸–VII

transition, which requires the bilayers to curve into tunnels on local lengthscales. This likely
occurs at slightly higher surfactant concentrations than those illustrated; however, the fragile
nature of the material under the electron beam means we were unable to observe this.

Great care must be taken when interpreting electron microscopy images of lyotropic liquid
crystals for several reasons: there is the possibility that an inadequate freezing rate will result in
alterations to the structure caused by the slow crystallisation of water, or is insufficiently rapid
to capture short-lived defects; the small volumes able to be viewed may not truly represent the
whole sample; the sublimation process can result in slight swelling of the structure at points at
which water is removed, and as such these features may appear slightly larger than they are
in their true state, a factor that is often neglected; and the structural features such as fractured
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Figure 3.21: Cryo-SEM images of Na-AOT samples of (a–c) 70 and (d–f) 75 wt % surfactant.
Red boxes in (a) and (b) highlight examples of oily streaks. Red dashed lines in (e) highlight
the non-linearity of streaks within small curved lamellar domains. Yellow arrows in (f) highlight
obvious saddle-splay surfaces formed by the packing of domains. The insets show the
corresponding POM images, with scale bars of 50 —m.

FCDs are only viewed from one angle and could easily be misidentified and hence assigned
the wrong eccentricity. Despite these potential issues, we are confident in the cryo-SEM
images used in this thesis. Efforts were undertaken to ensure that the freezing process was
reliable (see Chapter 2), and the samples produced cryo-SEM images that were impressively
uniform. These images were not studied in isolation, and showed excellent agreement with
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POM images of the same samples. The large FCD defects and trends observed in the POM
investigation are mirrored in the cryo-SEM images. This indicates that the cryo-SEM images are
representative of the sample, while the POM textures aid in the assignment of defect structures
in the cryo-SEM images. We can then use high magnification cryo-SEM images to provide
additional information about structural features on smaller lengthscales. Despite the resolution
being insufficient to observe individual molecules or bilayers, the images allow the visualisation
of 3D surfaces, and localised features such as undulations and connectivity are manifested on
the lengthscales investigated. Additionally, domain boundaries and regions of saddle-like and
dome-like surfaces can also be visualised.

The cryo-SEM images discussed above (and in particular those of 38 wt % Na-AOT) do not pro-
vide any evidence to support the theories of structural transitions previously proposed.47,116,119

The structure is clearly a lamellar phase, and there is no indication of the formation of inter-
micellar discs or a pseudo-hexagonal arrangement of bilayers. However, the proposal by
Callaghan et al. that the structure contains many connective neck defects at low surfactant
concentrations holds true, and while the system does not form a ripple phase, the undulating
bilayer structure does somewhat resemble the phase proposed by Chidichimo et al. (although
this occurs within a different range of sample concentrations than was suggested for the ripple
phase).

The cryo-SEM images presented above support our assertions from the SAXS data that at
concentrations below ~43 wt % Na-AOT entropic repulsive forces in the form of Helfrich’s
undulation interactions become a relevant contributor the free energy of the system. The system
is likely delicately balanced with the values of the bending modulus » and the thermal energy
kBT approximately equal (due to the flexible bilayer of Na-AOT having a low value for »).
Small alterations in the energy of the system, arising from changes in the concentration or
temperature, can then promote either the van der Waals or Helfrich forces overcoming the
other. When Helfrich forces are dominant, the result is out-of-plane fluctuations, and when the
van der Waals forces dominate, more ordered bilayers are observed. The images at 38 wt %
Na-AOT clearly show that at this concentration the system forms a swollen undulating L¸ phase.
While this change is not a phase transition, the relative strength of the forces that govern this
structural modification change abruptly with small variations in the bilayer repeat distance. As
such, the change between ordered and fluctuating bilayers may occur over a relatively small
concentration range, and so there is a pseudo-“crumpling transition” between a swollen L¸

phase of disordered fluctuating bilayers and more ordered bilayers (represented schematically
in Figure 3.22). The fact that this change occurs abruptly explains many of the previously
reported discontinuous physical properties of the lamellar phase within this region.

The schematic shown in Figure 3.22 is obviously an oversimplification, and it is evident
from cryo-SEM images that the L¸ phase cannot be described accurately solely in terms
of undulations. Point defects, such as those illustrated in Figure 3.23, are shown to provide
connectivity between the surfactant and water domains to varying degrees dependent upon the
Na-AOT concentration. This connectivity is particularly evident at low concentrations, which are
highly defective and contain a large number of neck defects between surfactant domains, which
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Figure 3.22: Schematic representation of the “crumpling transition” observed in the Na-AOT
system at ~43 wt % surfactant. Relatively ordered bilayers at high concentrations give way to
undulating bilayers at low concentrations due to thermal fluctuations.

likely contribute to the stabilisation of the swollen lamellar structure, by introducing an extra
entropic attractive interaction.141 The undulation of the L¸ phase and the formation of neck
defects are energetically favourable as a result of the thin and flexible Na-AOT bilayer, with a
low value of ». This flexibility allows the bilayer to adopt different local curvatures (both positive
and negative), and likely arises due to the freedom of the AOT tails, which can adopt different
configurations due to their branched structure. The formation of such defects is dependent upon
the surfactant concentration, as both » and »̄ undergo significant changes as the bilayers adapt
to the changing intermolecular forces, and the number of topological defects falls significantly
above the “crumpling transition”.

Figure 3.23: Schematic representations of point defects occurring on the lengthscale of
surfactant bilayers. These defects, termed (a) channels, (b) necks or passages, and (c) pores,41

introduce connectivity in the system between the water and surfactant domains, the surfactant
domain, or the water domain, respectively. These simple representations are shown individually
for clarity; however, they can all be observed at the same sample concentration and even within
a single bilayer, despite requiring different curvature energies.

At higher concentrations, the thermal fluctuations do not have a significant role in the structure
of the L¸ phase and cryo-SEM reveals the formation of different defects. The change from
FCD-I to FCD-II defects has already been described, but the cryo-SEM reveals the nature of
domain boundaries and the formation of edge and screw dislocations that provide connectivity
between the domains and reduce the strain energy at boundaries. Depictions of edge and screw
defects are shown individually in Figure 3.24, although they can also form mixed disclinations,
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which is likely the case in Figure 3.20 (f). Figure 3.24 also shows how screw defects may
facilitate the reorientation of bilayers into domains along different directional axes. The largest
ordered domains were observed at 60 wt % Na-AOT and it is apparent that the domain size
initially increases at concentrations above the “crumpling transition”, but then decreases again
as the negative curvature dictates the structure of the system upon approaching the VII phase.

Figure 3.24: Schematic representation of line dislocations observed in the concentrated region
of the Na-AOT lamellar phase. Although shown individually, the (a) edge and (b) screw
dislocations can also pair to form mixed dislocations. Screw dislocations can result in the
reorientation of the lamellar phase, forming domains along different directional axes, depicted
in (c).

The significant changes to the elastic constants » and »̄ with concentration are key to the
self-assembly of the Na-AOT L¸ phase. They result in a flexible bilayer at low surfactant
concentrations that is highly connected due to many point defects. These connections are lost
at high concentrations as the bilayer becomes more rigid and connectivity is provided through
the formation of different defect structures, such as line defects. These changes in connectivity,
and in particular the formation of many point defects at low surfactant concentrations, will
impact the physical properties of the system that require movement of water or ions through
the structure. As such, our cryo-SEM investigation can provide a rationalisation for the changes
that have been reported to occur in the structure and diffusion of water, and the electrical con-
ductivity.47,63,107,108,116,117 These properties show the same trends with increasing surfactant
concentration, and thus occur due to the same changes in connectivity. The reasoning will be
described in terms of water diffusion with the use of Figure 3.25, which shows cryo-SEM images
at different sample concentrations acquired from an angle perpendicular to the orientation of
the bilayers. This provides a “top-down” view of the lamellar stacks and so shows the bilayer
surface, thus illustrating any pores connecting the water layers and any deviation from flat
bilayers.

Despite the 20 wt % Na-AOT sample shown in Figure 3.25 being fractured in a way that exposes
several opposing planes from different angles, assigning one face as the top of a stack of
lamellae is not possible. This is because the long-range ordering to produce such as stack is
not present, and all the exposed surfaces appear equivalent. There is clearly a large amount of
disorder in the phase, and the surfactant structure appears continuous and highly connected.
However, it is not obvious to what extent there is connectivity and freedom of movement within
the water domain. The nature of the defects, many of which are of positive curvature and
produce a globular appearance, is consistent with the LH

¸ phase – a lamellar phase containing
water-filled defects and no correlation between bilayers, reported by Funari et al. to form via
first-order phase transitions in C16EO6 and C22EO6 systems142,143 – implying pockets of
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Figure 3.25: Cryo-SEM images showing the changes in the connectivity of the lamellar
phase with increasing Na-AOT concentration. The images show lamellar stacks from an angle
perpendicular to the directional order of the bilayer, providing a “top-down” view of a bilayer
surface, revealing the extent of deviation from flat structures, and the size and frequency of
pore defects.

trapped water, likely variations of the channel defects shown in Figure 3.23 (a). The implication
of this is that the diffusion of water molecules in any direction will be severely disrupted by the
surfactant phase, offering a convincing explanation for the water diffusion coefficients reported
previously, which were four times lower than that of bulk water.47
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The image at 20 wt % Na-AOT is in good agreement with that shown by Hubbard et al. for a
sample of 25 wt % Na-AOT.94 However, having also obtained images at low magnifications,
our investigation does not support their statement that domain sizes are ~100 —m within this
concentration region. We did not observe distinct phase boundaries at low concentrations, but a
disordered and continuous phase in which the movement of water will be restricted by the large
number of defects. This conclusion is in much closer agreement with the DEXSY NMR results
also reported by Hubbard et al., that indicated water movement was restricted to 1–5 —m over
timescales suitable for identifying domain sizes.

At 38 wt % Na-AOT some very small pores through the bilayer are observed, but it is the uneven
and knobbled surface resulting from the undulating structure that is the main structural feature.
If we consider the lateral diffusion of water molecules between two such surfaces, it is clear that
the random protrusions due to the out-of-plane fluctuations will obstruct the movement of water.
This obstruction is also evident from the side-on view of the phase shown in Figure 3.19, due
to the large number of neck defects. While the diffusion of water is significantly impeded at this
concentration, it is to a lesser extent than in the highly defective structure at 25 wt % Na-AOT.
This observation is consistent with the diffusion NMR experiments of Callaghan et al., which
showed an increase in the measured diffusion coefficients of water above ~32 wt % Na-AOT.47

The POM investigation presented above (see Figure 3.16) indicated that the orientated lamellar
domains (rather than a continuous disordered L3- or LH

¸-like structure) are first formed within
this region.

The surfaces of samples at 45 and 60 wt % Na-AOT are significantly flatter than those at lower
concentrations, and there is an apparent increase in the size and number of pores through the
bilayers. Between 45 and 60 wt % Na-AOT, the water diffusion measured via NMR methods
was reported to be more akin (although not a perfect fit) to unrestricted 3D diffusion, rather than
2D diffusion. If we consider the diffusion of water along these surfaces shown in Figure 3.25,
the movement is certainly less restricted than at 38 wt % Na-AOT. The pores within the bilayers
may allow for some vertical water movement; however, the pseudo-3D diffusion is more likely a
result of the line disclinations/dislocations that introduce connectivity and/or grain boundaries,
which can reorientate in a fluid system on the timescale of the NMR measurements.

Callaghan et al. reported that water diffusion reverts to 2D at concentrations above 60 wt %
Na-AOT. This can be explained by the domains decreasing in size as the structure adopts
increasingly negative curvature. The image at 70 wt % Na-AOT does show an ordered stack
of bilayers, but connectivity between the layers is not evident, and no screw or tilt defects were
observed at this concentration. At 75 wt % Na-AOT, acquiring an image with a top-down view
of a stack of bilayers was not possible as the phase is highly curved and most of the areas
between defects are saddle-splay surfaces rather than flat regions. The mosaic-like structures
at these high surfactant concentrations prohibit the movement of water as they are composed
of small packed domains. Additionally, the small bilayer thickness means that the water layer is
very thin (~5–10 Å), which also prohibits unrestricted diffusion.
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Sodium AOT: Discussion

To satisfactorily describe the self-assembly of the Na-AOT system, the role of each factor
governing the system at any given concentration must be considered and explained in terms
of its effects on the different components of the system, from macroscopic to molecular
lengthscales. This can be summarised by the following points:

• The intermolecular forces that dictate the structure of the Na-AOT system change
significantly and discontinuously with concentration, resulting in the lamellar phase of
the system being governed by different forces at each concentration extreme.

• The system adapts to changes in intermolecular forces through structural variations on all
lengthscales, adopting non-classical lamellar structures and a variety of defect types that
change and distort with concentration to efficiently dissipate the energy costs associated
with bilayered structures.

• The structural variations that allow the retention of a lamellar phase over a large concen-
tration range are facilitated by the elastic constants of the bilayer, which both change
significantly with concentration. The magnitude of » increases with concentration, re-
sulting in an extremely flexible bilayer at low concentrations and a rigid bilayer at high
concentrations, while the value of »̄ changes from negative to positive, resulting in an
inversion of bilayer curvature and topological changes, allowing the formation of different
defect structures.

• The formation of the adaptable Na-AOT bilayer is facilitated by the structure of Na-AOT
itself. The short tails of the Na-AOT molecule result in a thin bilayer, a factor that increases
the bilayer’s flexibility, while the tail branching means that the molecule can adapt to
changes in the system energy by adopting different structural configurations, thus altering
the hydrophobic/hydrophilic interfacial region of the bilayer and modifying the bilayer
elasticity.

The self-assembly of surfactants is further complicated by these factors being interrelated.
Changes in the relative contribution of the intermolecular forces results in the system adapting
on the molecular lengthscale, which then alters the overall structure. Conversely, changes to
the molecule, brought about by different packing environments, dehydration, or counterion
dissociation (resulting from changes in concentration or temperature) can alter the van der
Waals and electrostatic contributions.

The literature review presented earlier in this chapter shows that the Na-AOT system has not
previously been explained adequately in terms of all the factors listed above, with in particular
the characterisation of the defect behaviour lacking. The Na-AOT system is often unsatisfacto-
rily explained as having a packing parameter close to one, with no further explanation of how
the packing changes with concentration. There has also been a general assumption that the
discontinuous physical properties in the lamellar region is anomalous behaviour, rather than
the logical adaptation of the system to the discontinuous changes in the governing forces. The
bilayer spacing in the Na-AOT lamellar phase varies from ~10 to ~180 Å. In lamellar systems
that exist on larger lengthscales, a difference of 170 Å may not result in significant changes
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in the relative contribution of the intermolecular forces. However, for the Na-AOT system this
equates to an 18-fold increase and encompasses different regions in which short-range or
long-range forces stabilise the phase.

As in any lamellar phase formed by an anionic surfactant, both van der Waals attractive forces
and electrostatic (Coulombic repulsion) forces act upon the system. These forces are well
understood in terms of the DLVO theory, and have opposing effects on the system. Firstly, both
forces act between adjacent bilayers promoting or disrupting their stabilisation. Secondly, both
forces act along bilayers through the interactions of adjacent headgroups. There is obviously
greater variation in the magnitude of these forces between different bilayers, as this spacing
changes significantly with concentration. However, the role of these forces along the bilayer
should not be assumed to be constant, as factors such as hydration and the counterion binding
can alter their strength. Electrostatic forces decay exponentially with increasing bilayer spacing,
while van der Waals forces decay to a lesser extent. The electrostatic forces are also more
easily affected by changes in the system, such as those that alter hydration or additional
shielding of the charged groups. These two forces are common to all anionic lamellar phases;
however, the Na-AOT system is also stabilised by two entropic forces: steric hydration and
Helfrich forces.

Steric hydration forces are short-range repulsion forces that normally act over distances of ~20
to 30 Å (decreasing in value exponentially over this region) and prevent the close approach of
the lamellar bilayers.132 Many lamellar systems do not have bilayer repeat distances that equate
to a water thickness this small and so these forces do not need to be considered. However,
the Na-AOT bilayers approach within 10 Å of each other and so strong repulsion forces are
likely a factor in the curved domains and subsequent cubic phase formed at high surfactant
concentrations. In contrast, Helfrich forces are long-range forces normally associated with
extremely large bilayer repeat distances and have been reported to stabilise lamellar phases in
non-ionic systems with repeat distances of over 3000 Å.33 However, they can also be important
at significantly lower distances, providing that the distance between the bilayers is larger than
the bilayer thickness, as reported for the non-ionic system C10E4, in which the undulation
forces dominate at repeat distances similar to those observed in the Na-AOT system.135 In
fact, the lamellar phase of the dimiristoylphosphatidylcholine/D2O system has been reported to
be governed by Helfrich forces at an interbilayer distance of just 20.5 Å.125

The bilayer thickness in the Na-AOT system remains approximately constant at ~18–20 Å within
the lamellar region. This means that the points at which the short-range steric hydration forces
are expected to diminish and the Helfrich forces can feasibly begin to contribute to the energy
of the system are within the same region. The different natures of these forces mean that the
regions in which these forces contribute to the system will not overlap. It is, however, clear that
both forces operate at concentration ranges within the lamellar phase. Given that the Na-AOT
lamellar phase is susceptible to changes in thermal energy and shows evidence of substantial
undulations below 43 wt % surfactant, it is reasonable to state that the Helfrich forces provide a
significant contribution below this point (~50 Å d spacing). The Na-AOT lamellar phase is also
observed to form significantly curved domains and restrict water diffusion at concentrations
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above ~60 wt %. This can in part be attributed to the contribution of steric forces, and implies
that they are the dominant force in the system once the water thickness is below ~13 Å (~33 Å
d spacing). At concentrations between 43 and 60 wt % Na-AOT, the persistence of some
diffuse scattering in the SAXS spectra and evidence from the cryo-SEM images shows that
some degree of undulation is still present in the bilayer. However, it is only at concentrations
below 43 wt % that Helfrich forces appear to be the dominant factor. This could be due to a
conformational change in the surfactant at this concentration and/or the steric hydration forces
becoming negligible at concentrations below this point. It should be noted that the interbilayer
distances obtained via SAXS measurements at 43 wt % Na-AOT are in the region of the 30 Å
limit at which steric hydration forces become negligible, and those at 60 wt % Na-AOT are
approximately double the bilayer thickness.

The role of Helfrich forces in the Na-AOT system do not appear to have previously been
considered. This is presumably because it is a binary system comprised of an anionic surfactant
and water, leading to the assumption that the electrostatic contribution of the bilayer is sufficient
to restrict the role of out-of-plane fluctuations and formation of disordered L3 structures. Such
an assumption is generally (but not always144) valid, as the electrostatic repulsion contributes to
the magnitude of », resulting in bilayers too rigid for such structures to be energetically favoured
without the further addition of a salt or cosurfactant (to screen the interactions or provide extra
fluidity).145 However, our experimental results demonstrate that the Na-AOT system forms a
bilayer that is extremely flexible, such that in the dilute region » ⇡ kBT and thus the contribution
of undulations, and resulting entropic repulsion forces, should be considered in the system. The
presence of an extra stabilising force is likely the reason that the lamellar phase can exist over
such a large concentration range, and implies that the long-range electrostatic contribution
is weak. However, the role of electrostatic forces should not be underestimated, as clearly
demonstrated by the SAXS data at high temperatures. The Na-AOT system can be considered
as intermediate to systems in which Helfrich forces are negated by electrostatic forces and non-
ionic systems in which Helfrich forces dominate. As such, the Na-AOT lamellar phase stability at
low surfactant concentrations is a delicate balance between significant contributions of Helfrich,
van der Waals and electrostatic interactions. The importance of electrostatic forces is evidenced
by the addition of NaCl to the system, which shields and hence reduces their contribution.90

Depending on the amount of NaCl added, the concentration range of the lamellar phase can
be extended, or the system can be forced to form a sponge phase.

The lamellar phase of Na-AOT is stabilised at low concentrations upon the addition of NaCl
because the result of increased shielding of electrostatic forces is a reduction in the headgroup
repulsion, and so an increase in the bilayer flexibility (lower »). The lower the value of »,
the greater the magnitude of Helfrich repulsive forces (as they are inversely related), and so
bilayers have an additional stabilising force.146 This suggests that when the NaCl is not added
to the system, there is a point of dilution (the L1–L¸ phase boundary) at which the magnitude
of the long-range Helfrich forces is no longer sufficient for the forces to compete with and
balance the attractive van der Waals forces, and so the lamellar phase is no longer stabilised. It
follows that the magnitude of the van der Waals and Helfrich forces are sufficiently competitive,
and thus both are important in stabilising the lamellar phase, at concentrations between ~10
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and ~43 wt % Na-AOT. However, the relative contribution of the two forces gradually changes
with concentration, which results in the different structural features observed in the cryo-SEM
images shown previously in Figure 3.19 and the resulting differences in water diffusion. At
the higher surfactant concentrations within this region, the lamellar phase is composed of
undulating bilayers, with additional stabilisation provided by connecting neck defects. Upon
moving to higher d spacings, the van der Waals contribution gradually begins to determine the
structural features, producing a more disordered and highly defective structure with many of
the neck defects replaced by features of increasingly positive Gaussian curvature.

The crossover between van der Waals and Helfrich forces in the dilute region can be explained
by the electrostatic repulsion. As the bilayer repeat distance increases, both the van der Waals
and Helfrich forces decrease in strength, which in non-ionic systems occurs at a rate of ~1/d3

for both forces.144 However, in the Na-AOT system the decay of the van der Waals forces is
clearly slower. This is a result of the dependency of the Helfrich forces on the bilayer rigidity. In
contrast to non-ionic systems, as the bilayer repeat distance increases in the Na-AOT system,
short-range electrostatic forces still contribute to the value of ». The Na-AOT bilayer will retain
some rigidity and thus the degree of undulation and magnitude of the Helfrich forces will decay
at a faster rate. When the van der Waals forces truly dominate the Helfrich forces, the result
is the formation of MLVs, which are observed in the two-phase region via POM. In the region
in which the relative contributions of the Helfrich and van der Waals forces change gradually,
the continued relative increase in the attractive component upon dilution results in the larger
FCD-II structures observed via POM and cryo-SEM. However, the local structure is a mixture
determined by the relative contribution of the two forces which either drive the bilayers to
undulate or aggregate, resulting in a disordered and defective structure.

The evidence of Helfrich forces within the Na-AOT system is significant as they are not normally
relevant in binary “counterion only” systems. However, the contribution of Helfrich forces is
consistent with the non-liquid crystalline properties that have made Na-AOT commercially
important. The emulsifying capabilities of Na-AOT mean that it is one of only a few reported
surfactants that can promote the formation of reverse micelles or microemulsions without the
addition of a cosurfactant. The defect behaviour reported in this chapter, with focal conic defects
of both signs observed, is also usually associated with ternary systems. The Na-AOT system
does not display any extraordinary behaviour that is not known to exist in liquid crystalline
phases; however, the system is remarkable in that it clearly exhibits behaviour normally
associated with the presence of a cosurfactant. This implies that the Na-AOT molecule provides
a fundamental flexibility to the system that is normally only achievable through the inclusion of
an additive. In line with the work of Nave et al. on the emulsifying behaviour of the system,
this flexibility is unlikely to be a property unique to Na-AOT, but a factor of the branching within
the tail region.48 This is a factor in surfactant self-assembly that has not undergone extensive
research, but is a growing topic of interest.147

The flexibility of the Na-AOT bilayer is clearly evident, with both elastic constants changing
significantly within the lamellar region. The magnitude of » increases with concentration, while
the value of »̄ is indicated by the defect structures formed, which change from predominantly
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positive to predominantly negative Gaussian curvature. When the value of » is low (but above
the limit of micelle formation), surfactant systems form L¸ or L3 phases if the value of »̄ is
negative or positive, respectively. The fact that at low surfactant concentrations the Na-AOT
system forms a lamellar phase and FCD-II defects (and that it borders a micellar phase)
shows that »̄ is negative, and hence the overall Gaussian curvature is positive. However, the
lamellar phase at low Na-AOT concentrations is highly defective, and on local lengthscales
forms connective defects of both positive and negative Gaussian curvature, giving this phase
significant L3-like characteristics. The curvature at low Na-AOT concentrations is clearly easily
manipulated, as it has been shown previously that the system can produce a L3 phase (negative
Gaussian curvature) upon the addition of salt,90,148 and then onion phases (positive Gaussian
curvature) on shear.149 For low concentration samples to be composed of lamellar bilayers
and exhibit macroscopic properties of the lamellar phase, while simultaneously retaining some
L3-like character on the micrometre lengthscale, is an indication that the Na-AOT bilayer is not
only flexible, but also adaptable and able to facilitate localised curvature. This is another trait
that could be easily rationalised if the system contained a cosurfactant, but must instead be a
result of the ethyl branches of the Na-AOT molecule.

The above observations suggest that the branching of the Na-AOT molecule enables properties
that are not characteristic of binary systems. The molecule results in an extremely flexible
bilayer, capable of forming a variety of structures and allowing drastic changes in the elasticity.
This is partially a result of the short alkyl chains in Na-AOT interdigitating and thus forming a thin
bilayer (which reduces the value of »), but must primarily be attributed to the branched tails of
the surfactant. The branches in Na-AOT are in close proximity to the surfactant headgroup and
so can introduce flexibility at the hydrophobic/hydrophilic interface through rotational isomerism,
forming isomers that either increase or decrease the tail contribution. The Na-AOT system
is often inadequately explained in terms of its packing parameter, which is often quoted
as a single somewhat arbitrary value, neglecting the fact that the molecular shape of any
surfactant molecule will change depending upon concentration and the energy of the system.
The branching of the Na-AOT tails means that the effect of such changes is amplified, and the
surfactant can efficiently regulate its tail volume to adapt to changes in the system’s energy.

The Raman and IR spectroscopy work discussed in the literature review shows that the
Na-AOT tails adopt a mixture of trans and gauche rotational isomers at low concentrations,
but only gauche isomers at high concentrations. It also describes the concentration-dependent
stabilisation of two different conformations of the sulfosuccinate skeleton, which adjusts the
molecule at the interfacial region and promotes either splayed/kinked or parallel tails. At low
concentrations (and below the “crumpling transition”) a mixture of splayed/kinked and parallel
chains will introduce a significant amount of flexibility and curvature into the bilayer. This has
the effect of reducing » and thus allowing out-of-plane fluctuations. It also allows the Na-AOT
molecules to adapt within the fluid system and form short-lived regions of either planar or
curved bilayers, which explains the L3-like character observed in low concentration samples.
Above the “crumpling transition” and thus approaching the formation of Type II structures, the
tails are reported to primarily adopt splayed conformations, which accounts for the increase in
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the magnitude of » and the switch in »̄, resulting in more classical lamellar bilayers and FCD-I
defects.

Another important factor is that the ethyl branches result in the molecule having three chiral
centres and so eight distinct stereoisomers. As such, the self-assembly of Na-AOT in water
does not form a true binary system, but a racemic mixture of Na-AOT in water. If we were to
consider each of the eight isomers as distinct, then the system would be a nine-component
system and thus incredibly complex. In practical terms, overcomplicating the system in this
way would be unhelpful as the isomers are likely very similar. However, we can assume that
Na-AOT is a mixture of stereoisomers, and that some will have configurations with higher
degrees of enforced splay and thus larger tail volumes than others. This essentially means
that Na-AOT is a mixed surfactant system, and the observed properties that are more akin
to systems containing cosurfactants than standard binary systems are explained in terms of
Na-AOT acting as its own cosurfactant. As with the different rotational isomers discussed above,
curvature in the system (such as the large number of connecting neck defects or channels that
result in the defective L3-like character in low concentration L¸ samples) may be explained
by the preferential assembly of stereoisomers of different geometries at sites of localised
curvature. Considering the system as a mixed surfactant system also provides an explanation
for the long equilibration times of Na-AOT samples. However, given that the isomers are still
closely related, and most cosurfactants are specifically selected in order to introduce different
behaviours and hence are significantly different in molecular structure to the main component,
a better description of the system would be either a pseudo-binary or pseudo-mixed surfactant
system.

In conclusion, this chapter combines a comprehensive review of the literature with new
experimental data, which has enabled the rationalisation of the lamellar behaviour of the
Na-AOT system. As such, we are now able to highlight inaccuracies in the previous literature
and definitively show that the region is composed of a continuous lamellar phase exhibiting
normal swelling behaviour. The phase is facilitated in spanning a large concentration range by
the adaptability of the chiral Na-AOT molecule, which forms different rotational isomers and
therefore introduces flexibility in the bilayer. This flexibility promotes the formation of lamellar
structures and defects with varying degrees of order.

This research provides two interesting topics that are further described in subsequent chapters.
Firstly, the role of tail branching is a key property of the system and so the following chapter
details an investigation into the effect on the phase behaviour if the tails are altered. Secondly,
the existence of an extremely flexible bilayer, but formation of a sponge phase upon the addition
of NaCl, suggests that the long-range electrostatic forces are weak and so comparable in
magnitude to opposing forces. The role of the electrostatic forces has been investigated by
changing the counterion of the Na-AOT system.

102



Chapter 4

Sodium and Potassium Aerosol MA

Sodium AMA: Introduction

In the previous chapter, the stability of the extended lamellar phase in the Na-AOT system
was explained in terms of the bilayer being the preferred packing motif of the AOT molecules
over a large concentration range. The associated packing costs are met through the formation
of different defect structures and through conformational changes in the molecule, primarily
flexibility in the tail packing. As most systems do not provide a continuous change from a
swollen to classical lamellar phases, the continuous change observed in the Na-AOT system is
likely aided by the branched tails, an unusual feature in these molecules. In order to investigate
the role of the ethyl branches present in Na-AOT, the initial plan for this work was to study
the liquid crystalline properties of the straight-chained linear analogue, sodium bis(n-hexyl)
sulfosuccinate. However, towards the end of this research, it was discovered that the product
purchased as the straight-chain analogue was in fact a different structural isomer, namely
sodium bis(1,3-dimethylbutyl) sulfosuccinate. The details of the structural characterisation of
this material can be found in Chapter 2. Although this was not the intended structure for
investigation, it still provides a suitable comparison to Na-AOT, as any changes in phase
behaviour can be attributed to the significantly reduced tail volume of the surfactant.

Sodium bis(1,3-dimethylbutyl) sulfosuccinate is more commonly known by the commercial
name Aerosol® MA, a USA registered trademark belonging to CYTEC Industries Inc. (formerly
American Cyanamid Company). It is normally sold as an 80 % solution in a water/alcohol
mixture with ~5 % ethanol or isopropanol, termed Aerosol MA-80 and Aerosol MA-80I,
respectively.150 Like Na-AOT, it is used commercially as an anionic surfactant, and displays a
similar range of useful properties at ambient temperatures. It is a highly efficient emulsifying,
wetting and dispersion agent, with a high tolerance to salt. It promotes low interfacial tension,
particularly between water and chlorinated solvents. Applications include the production of
paper, paints, inks, adhesives and batteries, and use in emulsion polymerisation. It is also US
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Food and Drug Administration (FDA) approved and used in pharmaceutical coatings, and is US
Environmental Protection Agency (EPA) exempt allowing its use in pesticide formulations.151

Despite being a commercially used surfactant, the literature review undertaken during the
process of this work found many examples of “mistaken identity” between this surfactant and
two of its structural isomers. The structure of sodium bis(1,3-dimethylbutyl) sulfosuccinate
is shown in Figure 4.1 alongside these isomers, sodium bis(1-methylpentyl) sulfosuccinate
and sodium bis(n-hexyl) sulfosuccinate, which differ in terms of tail branching. Each of the
three structures presented were found to have been referred to within the published literature
as sodium dihexyl sulfosuccinate, Aerosol MA, Aerosol MA-80, Aerosol MA-80I or AMA.
In the absence of any established nomenclature to adequately differentiate between the
structures, the names Na-butylAMA, Na-pentylAMA and Na-hexylAMA will be used in this work,
distinguishing them by their butyl, pentyl and hexyl chains, respectively.

Figure 4.1: Molecular structures and CAS numbers of Na-butylAMA, Na-pentylAMA and
Na-hexylAMA.

These three isomers sharing the same generic name is not an insignificant problem. Literature
searches based on molecular structure or CAS number conducted using SciFinder®, revealed
many literature articles in which the isomer used in the research is classified under the
wrong structure in the database. The lack of a rational and coherent naming convention,
and the use of the non-descriptive terms Aerosol MA or dihexyl sulfosuccinate (which do not
differentiate between isomeric forms), both within the literature and by chemical suppliers, has
resulted in inaccuracies in publications. Many examples were found in which researchers have
unknowingly reported on a different surfactant than that stated, have referred to data or findings
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from other researchers that have not used the same molecule, or have not given any indication
of the structure of the isomer used. In cases where the surfactant is used for properties that all
three isomers likely possess, this issue may well have no impact on the research. However, in
other examples there may be a significant impact upon the findings, especially in research such
as that presented here, where the structure of the surfactant is of fundamental importance.

This issue is not a recent phenomenon, with the term Aerosol MA having been used by
different researchers to refer to different isomers as far back as the 1940s, but to the best
of our knowledge the confusion has not been addressed in any published work to date. The
earliest example we have found of this term being used to describe any isomer other than
Na-butylAMA was the work by Vetter in 1946 that used Na-pentylAMA.152 This work was later
cited by Stamm et al., although they were in fact studying Na-butylAMA.153 The only studies
relating to the lyotropic phase behaviour of any of these isomers is also confusing. Winsor154

referred to the work of Luzzati et al.155,156 and reported the observation of several lyotropic
phases in the Aerosol MA system, similar to the Na-AOT system. However, Winsor showed
the structure of the surfactant as a branched isomer, while the original work by Luzzati et al.
showed the structure as the linear Na-hexylAMA.

In recent years Na-hexylAMA has received considerable attention, particularly in the
study of microemulsions. Much of this research has centred around the modelling of the
hydrophilic–lipophilic deviation or characteristic curvatures of surfactants. Na-hexylAMA
has featured prominently in this work, extensively studied itself and subsequently used as
the reference system for many other surfactant mixtures.157–164 These characteristics are
dependent upon the structure of the surfactant, and one calculation parameter is the length
of the hydrocarbon tail region, which in this case is calculated based on an unbranched hexyl
chain. As such, it is obviously important that the correct structural isomer is used in these
studies. This research was carried out with Na-hexylAMA sourced from a number of different
suppliers, including Sigma-Aldrich, which was the supplier used in our research. Given our
experience with this product and the issues in the literature, it is reasonable to question whether
these studies actually used the correct isomer. Unfortunately, the purchased surfactant was
used as received in all cases, and no structural characterisation was reported.

Additionally, the authors of a number of the papers procured the surfactant from CYTEC
Industries Inc. who advertise the product under the general name Aerosol MA with the chemical
description “sodium dihexyl sulfosuccinate”.150 Without further information, this would logically
suggest the product is Na-hexylAMA; however, the CYTEC Material Safety Data Sheets for
this product (sold either as a water/ethanol or water/isopropanol solution) give the molecular
structure and CAS number for Na-butylAMA.165,166 We can find no evidence that CYTEC
(or American Cyanamid previously) have ever sold either Na-hexylAMA or Na-pentylAMA,
even though throughout the literature there are examples of authors reporting that their
Na-hexylAMA,160,161,167 Na-pentylAMA152,168,169 or Na-butylAMA170–172 was purchased from
this company under the name Aerosol MA, while many have not specified which isomer
was used.173–175 It should be noted that CYTEC may have provided these groups with the
stated isomers; however, without any supporting structural characterisation data, it would be
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imprudent to assume that this is the case. One indication this is not the case is the assertion
made in several examples that the Na-hexylAMA isomer was selected due to its ability to
facilitate cosurfactant-free microemulsions.157,158 It has previously been stated by Nave et al.
(who synthesised and characterised the surfactant) that unbranched sulfosuccinates, including
Na-hexylAMA, do not have this ability.75

It is very likely that all three structural isomers of this surfactant have been used correctly in
various literature reports; however, without synthetic or characterisation data (one or both of
these are given only in the minority of papers) there is no clear way of determining which
are accurate and which are not. The most widespread error would appear to be cases in
which researchers (including ourselves) have attempted to purchase Na-hexylAMA as an 80 %
solution, but instead have received Na-butylAMA. Without obtaining comprehensive historical
records from all the suppliers, it is impossible to state with any certainty which isomer may have
been sold under the generic names Aerosol MA and sodium dihexyl sulfosuccinate. Indeed, we
have been unable to ascertain whether our case is that of an isolated “bad batch” or whether
the product is consistently misrepresented.‡ However, in the only example in the literature in
which Na-hexylAMA sold by Sigma-Aldrich was used and NMR data given, there is evidence
that the chemical supplied was actually Na-butylAMA. Wilfred et al. used the chemical with no
further purification to synthesise several ionic liquids.176 1H NMR data of the ionic liquids were
collated, although no peak assignments were attempted. Upon comparison of the NMR data
with those obtained in this work (see NMR characterisation in Chapter 2), it is evident that it is
in good agreement and the reported ionic liquids contained butylAMA anions.

It is clear that the combination of the use of non-specific terminology and the indications that
other research groups have also received the wrong structural isomer mean that the validity of
much of the published literature is questionable. It is unfortunate that it has not been standard
procedure to purify and characterise the product prior to use. However, beyond the discovery
that the surfactant investigated within this chapter is not that which it was originally believed
to be, this work is not affected by any inaccuracies in the literature. This is due to the limited
research carried out into the liquid crystalline behaviour of any of the three isomers. However,
any references or comparisons to the previous literature that are made beyond this point are
limited to reports that included characterisation of the surfactant used, which is primarily those
authors that synthesised the molecules themselves.

‡As of February 2017, the Sigma-Aldrich quality assurance team have corroborated our assignment of the
material we received as Na-butylAMA and have temporarily ceased selling the product until the issue is resolved
with their supplier.
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Sodium butylAMA Phase Behaviour

The phase diagram of Na-butylAMA is presented alongside that of Na-AOT in Figure 4.2,
and was elucidated based on a combination of observations of sealed bulk samples in a
controlled heating block, POM and SAXS measurements. The obvious difference between the
phase diagrams of Na-butylAMA and Na-AOT is that the Na-butylAMA lamellar phase does
not exist over such a large concentration range, as it is no longer the favoured state at low
surfactant concentrations. The Na-butylAMA system forms a pure lamellar phase between
~50 and 81 wt % surfactant. An inverse bicontinuous cubic phase exists over a narrow
concentration range of ~82–85 wt %, and an inverse hexagonal phase is formed at higher
surfactant concentrations, which includes the pure surfactant.

Figure 4.2: Phase diagrams of Na-butylAMA and Na-AOT, showing the relative positions of
the two-phase regions (2P), and the lamellar (L¸), inverse bicontinuous cubic (VII) and inverse
hexagonal (HII) phases.

Comparison of the two phase diagrams shows that the result of the reduced tail branching in
the Na-butylAMA system is a reduction in the stability of the lamellar phase. This difference
in molecular structure between the two surfactants clearly has a greater influence at low
concentrations than at high concentrations. The phase progression at high concentrations
remains the same, with VII and HII phases formed and the VII phase occupying a similar
concentration range of ~4 wt %. The locations of the phase boundaries in the two systems
are only slightly shifted, with the L¸–VII and VII–HII phase boundaries occurring at ~82 and
~86 wt % surfactant in the Na-butylAMA system and ~78 and ~82 wt % surfactant in the Na-AOT
system, respectively.
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The region in which the Na-AOT system presents a lamellar phase but the Na-butylAMA
system does not is the dilute region (below ~50 wt % surfactant). In the Na-AOT system,
this is the region in which the lamellar phase is highly defective, exhibits on average positive
Gaussian curvature, and is stabilised by an additional intermolecular force due to out-of-plane
fluctuations. The concentrations at which the Na-butylAMA system does present a lamellar
phase correlate with the region in which the lamellar phase of the Na-AOT system shows
positive birefringence, predominantly negative Gaussian curvature, and more classical lamellar
behaviour with significantly reduced bilayer fluctuation. This implies that the Na-butylAMA
molecule is not able to provide a significantly bulky tail volume at the hydrophobic/hydrophilic
interface. As such, the curvature of the bilayer cannot stabilise a dilute lamellar phase such as
that observed with Na-AOT, as the spontaneous curvature of the bilayer is too high and the
value of » is not in the region of kBT, and hence additional intermolecular forces (i.e. Helfrich
forces) are unable to act upon the system. The increased spontaneous curvature is also the
likely cause of the reduced stability of the Na-butylAMA system with increasing temperature,
with the melting of the lamellar phase occurring at temperatures approximately 20 �C lower
than in the Na-AOT system.

Sodium butylAMA SAXS

The SAXS results of the Na-butylAMA lamellar phase are presented in Figure 4.3, with selected
1D and 2D profiles shown. In stark contrast to the scattering described for the Na-AOT
system, the lamellar phase of Na-butylAMA produces spectra characteristic of classical lamellar
behaviour throughout its concentration region. Sharp Bragg peaks in the ratio of 1:2 are
observed at all concentrations within the L¸ phase. These peaks do not show any intensity
anomalies, nor are they masked by diffuse scattering at any point. The intensities of both the
first and second-order Bragg peaks increase with concentration, before decreasing again in
proximity to the L¸–VII phase boundary. The peaks also shift to higher q spacings as a result of
the reduction in bilayer repeat distance with increased concentration.

The 2D profiles shown in Figure 4.3 are consistent with the 1D spectra, and indicate the
Na-butylAMA system forms a classical and ordered lamellar phase, as the scattering is clearly
aligned in one direction for all sample concentrations. It is notable that the 2D profiles do not
show the broad diffuse scattering ring observed in the Na-AOT spectra. Even at the lowest
concentration shown (52.5 wt %) there is no complete ring of weak intensity scatter. There
is, however, some weak scattering in the region of the Bragg peaks in samples of 52.5 and
62.5 wt % Na-butylAMA, with the same alignment. This feature is also observed in the 1D
spectra of 58 and 60 wt % surfactant, as broadness at the base of the Bragg peaks. This
scattering is not likely to be due to the thermal undulations that were observed in the Na-AOT
system, as the scattering is monodirectional in the 2D profiles and was not observed to be
sensitive to changes in temperature. Instead, this scattering implies some level of variation in
the bilayer repeat distance of these samples, and thus suggests the possibility of defects in the
lamellar system that result in localised deviations from this distance.
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Figure 4.3: SAXS profiles of the Na-butylAMA lamellar phase with increasing surfactant
concentration. Both 1D (left) and 2D (right) profiles are shown, obtained using line and point
collimation, respectively. Bragg peaks are shown in the 1D image with single and double
asterisks, indicating first- and second-order peaks, respectively. Both data sets show the
characteristic scattering of a classical lamellar phase; however, the second-order reflections
broaden with decreasing concentration.

The formation of VII and HII phases was also confirmed by SAXS, as illustrated by the example
shown in Figure 4.4, which presents the 1D and 2D scattering profiles for a sample of 85.5 wt %
Na-butylAMA. This concentration is within the small two-phase region between the pure VII

and HII phases. Bragg peaks in the ratio of 1:
p

3:
p

4 arise due to the high concentration HII

phase, while seven Bragg peaks in the spacing ratio
p

6:
p

8:
p

14:
p

16:
p

20:
p

22:
p

24 confirm the
formation of the bicontinuous cubic phase, and allow the assignment of the cubic symmetry as
the Ia3d space group, based on a gyroid structure (see Figure 4.5). This is the same space
group observed in the VII phase of the Na-AOT system. The VII and HII phases share the
same peak as their first-order Bragg peaks, representing the repeat distance along the [211]
and [100] planes of each phase, respectively. This is due to the epitaxial relationship between
the two phases in this region of the phase diagram, with the growth of the HII phase from the
VII phase resulting in the hexagonal columns being orientated by the cubic phase along one
anchoring plane.177
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Figure 4.4: SAXS profiles of Na-butylAMA showing (a) a VII phase, (b) a HII phase, and (c) a
mixture of the two. The 1D spectra show peaks due to VII and HII phases, denoted by arrows
and circles, respectively. The weak VII reflections are not obvious from the 2D profiles alone,
and many are not a continuous scattering rings, but are composed of several small intense
diffraction spots, indicative of a reflection arising from cubic ordering.

The calculated d spacings of the Na-butylAMA lamellar phase are plotted in Figure 4.6, along
with comparative values for the Na-AOT system. In the region in which both systems form
a lamellar phase, the d spacings are comparable, indicating that the structures are likely
similar. The values for the Na-butylAMA system are slightly lower than those of the Na-AOT
system, but the difference is less than 4 Å. The L¸–VII phase boundaries of the two systems
occur at slightly different concentrations and so a small difference in d spacing at equivalent
concentrations is expected. However, the primary reason for the difference in d spacing is
likely to be that the bilayer thicknesses in the two systems are not equivalent. The d spacing

110



Sodium butylAMA: Experimental Results

Figure 4.5: Plots showing the reciprocal d spacings vs.
p

(h2 + k2 + l2) for the cubic phases
of (a) the Na-butylAMA system and (b) the Na-AOT system for comparison, where hkl are
the assigned Miller indices. Correct assignments of the lattice types and space groups are
confirmed by the linearity of the plots and the intercepts of the fitted lines at the origins. Lattice
parameters are calculated as the reciprocal of the gradient of the fitted lines and are (a) 56.8 Å
and (b) 67.1 Å for the sample concentrations shown.

incorporates the thickness of two monolayers alongside that of the water layer. A difference
in d spacing of ~4 Å equates to a difference in each monolayer of only ~2 Å. This difference
can be rationalised by the shorter alkyl chains in the Na-butylAMA molecule. Given that the
effective tail length contribution (apparent zigzag distance) of each additional carbon atom in
alkyl chains is 1.26 Å,178 the two fewer C–C bonds in Na-butylAMA would be expected to result
in alkyl tails around 2.52 Å shorter than those of Na-AOT. As the tails of Na-butylAMA have
a combined total of four terminal CH3 groups rather than the two of Na-AOT and these extra
methyl groups provide additional bulk at the end of the tail region, it may be expected that this
added bulk would disrupt the interdigitating of the surfactant tails in Na-butylAMA. However, the
results obtained suggest this is not the case, and the Na-butylAMA molecules are able to pack
in a way that produces a thin bilayer, in the region of 16 Å.

Figure 4.6: Changes in d spacing with increasing concentration for the Na-butylAMA and
Na-AOT systems. Where the form factor interference results in the disappearance of the first-
order Bragg peak in the Na-AOT system, the d spacing was calculated using the position of the
second-order Bragg peak.

111



Chapter 4

The limiting values of d spacing in the Na-butylAMA system are ~23 and ~38 Å, meaning
that the water layer of the lamellar spacing is limited to a thickness of ~7–22 Å. It follows that
alongside the van der Waals and electrostatic forces, the steric hydration repulsive forces will
provide a significant contribution to the self-assembly of the lamellar phase over most of this
region. If we account for the differences in the d spacings being predominantly due to the bilayer
thicknesses, then the L¸–HII transition in both systems occurs at a limiting water thickness of
~7 Å and it is logical that the two surfactants both form VII phases with the same space group.

The Bragg peaks of the Na-butylAMA lamellar phase shift to slightly higher values of q
upon increasing temperature, meaning a reduction in the bilayer repeat distance. This can
be attributed to changes in the relative contributions of each intermolecular force, likely as a
result of dehydration of both the headgroup and counterion. Altering the energy of the system
affects the surfactant geometry and disrupts the delicate balance of intermolecular forces. This
can result in an increase or decrease in the bilayer repeat distance, with examples of both
types of behaviour known.128,129 In the case of Na-butylAMA, a decrease in d spacing means a
relative increase in the contribution of attractive forces, and is consistent with the behaviour of
the Na-AOT system at equivalent concentrations. However, the change in d spacing is not large
and is less significant at higher concentrations, as shown in Table 4.1. The change in d spacing
is not accompanied by any significant variation in the intensity of the Bragg peaks, which only
significantly change in proximity to the two-phase boundary (see Figure 4.7).

Table 4.1: Values for the q spacing of the first-order Bragg peak (q*) and the corresponding
bilayer repeat distance (d) at selected Na-butylAMA concentrations and temperatures.

Concentration (wt %)
q* (nm-1) d spacing (Å)

25 �C 50 �C 90 �C 25 �C 50 �C 90 �C

52.1 1.793 1.835 1.895 35.04 34.24 33.16
58.1 1.959 1.982 2.062 32.07 31.70 30.47
60.0 2.005 2.051 2.119 31.34 30.63 29.65
62.5 2.158 2.185 2.242 29.16 28.76 28.02
64.3 2.231 2.249 2.258 28.16 27.94 27.82
70.0 2.416 2.433 2.456 26.01 25.82 25.58
75.0 2.535 2.548 2.563 24.79 24.66 24.51
77.6 2.590 2.598 2.610 24.26 24.18 24.07
81.5 2.649 2.662 – 23.72 23.60 –

The change in d spacing may be solely the result of a decrease in bilayer thickness upon
increasing temperature (due to increased molecular motion within the tail region). This would
mean that the water thickness does not change with temperature, which may explain why the
Bragg peak intensity is largely independent of temperature for most sample concentrations.
However, the magnitude of change in d spacing is not consistent, but decreases at higher
concentrations, which suggests other contributing factors. If a change in bilayer thickness is
not responsible for the change in d spacing, then the relative increase in attractive forces
may be due to either an increase in » and/or »̄ resulting from counterion dissociation and
an increase in intrabilayer electrostatic repulsion (these effects would have to also overcome
the increase in electrostatic contribution to the repulsion between bilayers). Alternatively, given

112



Sodium butylAMA: Experimental Results

Figure 4.7: Evolution of the first-order Bragg peak with increasing temperature for Na-butylAMA
samples of 58, 70 and 81 wt % surfactant. All samples show a shift to higher q spacing with
increasing temperature, but the magnitude of the change decreases at higher concentrations.
Note that changes in the peak intensity are only significant in the region of L¸ melting transition,
and that this transition accounts for the loss of Bragg peaks at 80 and 90 �C for the sample of
81 wt % Na-butylAMA.

that the small repeat distances in the Na-butylAMA system mean steric repulsion is the likely
governing intermolecular force, the decrease in attraction of bilayers can be explained by a
reduction in the magnitude of the steric hydration forces upon dehydration. Such changes in
steric hydration have been reported elsewhere,131 but imply that any increase in the entropic
component of this force is overcome by the change in dehydration. Na-butylAMA molecules do
not have ability to protrude from the bilayer in the way that phospholipids do, and are not as
bulky, so the effect of dehydration being able to overcome the relatively small steric contribution
is feasible. Dehydration of the bilayer will be more favourable at low concentrations, which is
consistent with the decreased effect of temperature on the repeat distance with increasing
concentration.

Sodium butylAMA Optical Microscopy

Concentration gradient POM textures for the Na-butylAMA system are shown in Figure 4.8.
When compared with those obtained for Na-AOT (see Figure 3.15),‡ there are obvious differ-
ences including the absence of a swollen lamellar phase. The Na-butylAMA images do not
show a change in the optic sign of birefringence, uneven regions within the texture, or the
formation of myelin structures at the L1–L¸ interface. The concentration gradient POM images
are consistent with normal inverted surfactant systems, forming HII, VII and L¸ phases. Within
the L¸ phase, mosaic and FCD-I structures can be observed, and flow-induced streaks are
clearly visible at the interface with the micellar region.

Polarising optical microscopy images for the samples of Na-butylAMA are shown in Figure 4.9,
and illustrate that the defect behaviour of the system is dominated by FCD-I defects. The

‡Concentration gradient images of all the surfactant systems studied in this work are collated for comparison in
Appendix B.
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Figure 4.8: Concentration gradient of the Na-butylAMA system at ⇥40 magnification and
~25 �C viewed under (a) crossed polarised light and (b) with the addition of a quarter-wave
plate.

assignment of these defects was confirmed through observation of the patterns upon rotation of
the sample stage, with the negative Gaussian curvature confirmed by the rotation of the pattern
in the opposite direction from the sample. The image for a sample of 47.5 wt % Na-butylAMA
corresponds to the two-phase region at surfactant concentrations just below the lamellar phase.
It is predominantly isotropic, but shows individual archetypal FCD-I defects, striated oily streaks
and regions of distorted amalgamated defects indicating small lamellar domains within the
isotropic domain. Upon entering the pure lamellar phase, the size of these defect patterns
significantly decreases and the defects are distributed homogeneously throughout the textures.

At 52.5 wt % Na-butylAMA, individual FCD-I defect points can be distinguished that on
closer inspection often appear to be aligned in series with several neighbouring defects,
indicating that they are components of oily streaks. There are also more examples of distorted
FCD-I defects that form more obvious streaky features. The oily streaks contrast with the
predominantly isotropic background that is likely the result of orientated domains of lamellar
phase. As the surfactant concentration increases, the number of observable oily streaks
also significantly increases, which reduces the size of the isotropic regions. The individual
components of the streaks also become distorted, forming nodes at the junctions of oily streaks
(57.5 wt % Na-butylAMA) and then dominating the textures in mosaic-like patterns similar
to those observed in the Na-AOT system at concentrations above 60 wt % Na-butylAMA. At
77.5 wt %, in close proximity to the cubic phase, large individual defects are observed again,
likely due to the defects playing a role in the L¸–VII phase transition. Isotropic and fan-like
textures are observed at higher concentrations, illustrating the formation of VII and HII phases.

The POM textures of the Na-butylAMA lamellar phase are very similar to those observed in the
Na-AOT system (see Figure 3.17) at similar concentrations. Given the similarities in the phase
diagrams of the two systems at concentrations above 50 wt % surfactant, with L¸–VII and VII–HII

phase transitions occurring at similar concentrations, the formation of similar macroscopic
defects is not surprising. This is because the two systems are stabilising the same type of phase
and (based on the similar transitions) have similar curvature restraints within the L¸ region.
However, the cryo-SEM images are able to provide more information about microstructural
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Figure 4.9: POM images of Na-butylAMA with increasing concentration at ~25 �C. FCD-I
defects dominate the lamellar phase, producing textures with characteristic oily streaks and
mosaic patterns upon increasing surfactant concentration. Isotropic and fan-like textures reveal
the presence of VII and HII phases, respectively. Scale bars are 100 —m.
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differences between the systems and show how the size, shape and alignment of the FCD-I
defects change within the Na-butylAMA system.

Sodium butylAMA Cryo-SEM

The phase behaviour of the Na-butylAMA system shows that the reduced tail volume of
the surfactant prevents the formation of a lamellar phase at concentrations below 50 wt %
surfactant. In comparison to Na-AOT, the tails of Na-butylAMA do not exert the same level of
steric bulk at the hydrophobic/hydrophilic interface and so the molecule, from a geometric point
of view, is less inverted. From an elastic point of view, the molecule is less adaptable (i.e. is
unable to form the variety of packing modes of Na-AOT). As such, it does not allow the variation
in the bilayer elasticity that is required for deformations, both topological and undulatory, to lower
the free energy of the disordered lamellar phase once the thickness of the water layer exceeds
that of the bilayer. However, at concentrations above 50 wt % surfactant, the phase boundaries
and POM images of the two systems are remarkably similar. This suggests that the additional
tail volume of Na-AOT, responsible for the drastically different behaviour at low concentrations,
is negated at high surfactant concentrations, resulting in the similar phase behaviours and POM
textures. Cryo-SEM was used to determine if the microstructure of the Na-butylAMA system is
comparable with that of the Na-AOT system, or if the difference in the flexibility of the bilayers
formed in each system result in different defect behaviours.

Cryo-SEM images of sample of 45 wt % Na-butylAMA, which is in the low concentration
two-phase region that exists prior to the formation of a pure lamellar phase, are shown in
Figure 4.10. In the lower magnification image – Figure 4.10 (a) – the majority of the image
shows a lamellar structure with large channels or pockets of water, that exceed 500 nm in size.
The lamellar structure is extremely swollen, and is clearly not present as a pure phase as the
image also shows two small domains (~10 —m) of the disordered isotropic phase, marked in
yellow. This phase consists of a disordered surfactant network comprised of small aggregated
structures that are likely micellar or vesicular in nature. The regions of disordered phase also
contain some larger aggregates that may be isolated lamellar droplets, in the form of MLV-type
structures. Figure 4.10 (a) shows a region of the two-phase sample in which the lamellar
phase is the dominant region. However, consistent with the POM images captured at the same
concentration, the sample also showed regions consisting primarily of the isotropic phase, as
shown in Figure 4.10 (b). The higher magnification images shown in Figure 4.10 (c) and (d)
more clearly show the pockets and channels of water that exist as part of the lamellar structure,
and it is apparent that these channels contain isolated regions of the disordered surfactant
phase.

Cryo-SEM images of a sample of 55 wt % Na-butylAMA are shown in Figure 4.11, and it is
clear from both the low and high magnification images that the sample is a pure L¸ phase.‡

‡Small numbers of ice crystals observed in the low magnification image are an artefact of the freezing process
and do not affect the composition of the sample or the majority structure. While it is extremely difficult to achieve no
such artefacts upon freezing, the images are good representations of the actual structures.
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Figure 4.10: Cryo-SEM images of a sample of 45 wt % Na-butylAMA. Yellow dashed lines
indicate small domains of a disordered isotropic phase within the swollen lamellar structure.
The inset shows the corresponding POM image, with a scale bar of 50 —m.

The images are clearly in good agreement with the POM image shown for the same sample
concentration, with the majority of the large defects in the sample being FCD-I defects, many
of which are aligned into oily streaks. The image shown in Figure 4.11 (a) is at a very low
magnification, but shows various domains that are generally between 30 and 50 —m along their
longest dimension. These ordered domains are broken up by the presence of both oily streaks
and edge dislocations. Figure 4.11 (b) is an enlargement of the area marked in Figure 4.11 (a)
and shows the edge of a relatively ordered domain that is broken by an obvious oily streak. At
higher magnifications, several different types of defect behaviour are evident. Figure 4.11 (c)
shows several tightly packed focal conic domains that could be interpreted as “leek-like” FCD-II
cylinders, but could also be examples of the energetically ideal toroidal FCD-I defects. The
hyperbola arising from the focal point between the two structures creates local environments
of harsh curvature and results in regions of disorder. Figure 4.11 (e) shows paired line defects
of s = ±1/2, and along with Figure 4.11 (d) and (f), shows the topology of the phase. The
surface of the structure is clearly uneven and there is obvious connectivity between both the
surfactant and water domains. This 55 wt % Na-butylAMA sample clearly shows a degree of
bilayer undulation.
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Figure 4.11: Cryo-SEM images of a sample of 55 wt % Na-butylAMA. Image (b) is an
enlargement of the area indicated in (a). Red dashed line highlights an oily streak at the edge of
an ordered domain. The inset shows the corresponding POM image, with a scale bar of 50 —m.

The phase diagram, SAXS and POM evidence indicates that the Na-butylAMA system does
not stabilise a swollen, undulating lamellar phase like that observed in the Na-AOT system.
However, it should be noted that at concentrations above the “crumpling transition” in the
Na-AOT system, the lamellar phase was still observed to show some evidence of fluctuations,
and the SAXS patterns showed some diffuse scattering. Both the 1D and 2D SAXS profiles
of the Na-butylAMA system also showed some broad scattering at concentrations below

118



Sodium butylAMA: Experimental Results

~62.5 wt % surfactant and thus some variation in the bilayer spacings should be expected.
However, the Bragg peaks were very much the dominant feature of the SAXS spectra at all
concentrations in the Na-butylAMA lamellar region and so any fluctuations in the bilayer are
not expected to be the dominant feature of the cryo-SEM images. This is consistent with the
cryo-SEM images shown in Figure 4.11. Despite the evidence of undulations, the local bilayer
structure is clearly ordered and the phase exhibits long-range ordering. When the sample is
compared to the structure of the undulating Na-AOT lamellar phase (see Figure 4.12) it is clear
that while the entropic forces contribute to the free energy of the Na-butylAMA phase, they are
far from being the dominant force.

Figure 4.12: Comparison of the lamellar phase undulations at (a) 55 wt % Na-butylAMA and
(b) 38 wt % Na-AOT.

Cryo-SEM images for a sample of 60 wt % Na-butylAMA are shown in Figure 4.13. This is
only a concentration increase of 5 wt % from the images presented in Figure 4.11, and given
that the SAXS spectra at 60 wt % still show evidence of diffuse scattering, it may have been
expected that the images would not be appreciably different. However, there is a clear increase
in order in the system upon moving from 55 to 60 wt % Na-butylAMA. The bilayers still show
evidence of undulation at high magnifications, but this is decreased in comparison to the lower
concentration images and the bilayers are clearly ordered, despite the connective defects.
In general, however, the increase in order is evident through the alignment of the various
domains and oily streaks. There are more streaks than at 55 wt % Na-butylAMA, and the
majority are approximately 10–15 —m in size, although some are as long as 30 —m. However,
in comparison to those observed at 55 wt % Na-butylAMA, the streaks at 60 wt % are comprised
of smaller individual components, and are generally of comparable size and aligned along the
same director axis as their immediate neighbours. Between regions of aligned streaks there
are still domains of idealised, well-ordered lamellar behaviour, which is consistent with the
isotropic regions in the POM image that indicate areas of homeotropic alignment of the lamellar
phase. Between some domains there is evidence of sharp domain boundaries. Such sudden
transitions have a high energy cost, and while in some regions this is dissipated by the formation
of localised regions of disorder/defects, in other regions this is not the case. This is an indication
that the Na-butylAMA bilayer is flexible enough to accommodate some local regions of sharp
curvature.
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Figure 4.13: Cryo-SEM images of a sample of 60 wt % Na-butylAMA. Red dashed boxes show
examples of aligned oily streaks. The inset shows the corresponding POM image, with a scale
bar of 50 —m.

In general, the images shown for 60 wt % Na-butylAMA may be considered to be slightly
more ordered than those obtained at comparable Na-AOT concentrations; however, the types
of defects observed and the approximate domain sizes of 30–50 —m are consistent with
observations of the Na-AOT system. The evidence for undulations in the bilayers for the two
systems is very similar, with regions of concentrated/compressed bilayers separated by groups
of connections between the bilayers. Although this is clearly a real feature, it should be noted
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that the effect is likely enhanced upon the sublimation of the sample, and so the undulations
and water channels may appear larger than they truly are. It should also be considered that
the images show a fluid system captured at one moment in time, and that such passages will
continuously form and break up, a factor in facilitating flow in the system. While the SAXS
profiles showed evidence of broad peaks/diffuse scattering at 60 wt % Na-butylAMA, it was
also clear from 2D SAXS experiments that the scattering was monodirectional, and so even
in terms of bilayer undulations the Na-butylAMA lamellar phase shows a degree of ordering,
which is in stark contrast to the swollen structures formed at low concentrations in the Na-AOT
system.

Moving from 60 wt % Na-butylAMA to 70 wt % Na-butylAMA (shown in Figure 4.14), there
remains a limited degree of porosity in the bilayers. In the main, the local bilayer structure is very
ordered, which is consistent with the sharp Bragg reflections obtained in the SAXS experiments.
However, the increasing progression towards defects of negative Gaussian curvature results in
the structure appearing significantly more disordered on larger lengthscales than the structure
shown at 60 wt % Na-butylAMA. The 70 wt % sample still contains many oily streaks, which
range in length from ~5 to 25 —m, but they are no longer at the centre of orientated domains
of approximately equal size, as was observed in Figure 4.13 (c). Some of the oily streaks
shown in Figure 4.14 can be grouped as aligning in the same direction, such as those shown in
Figure 4.14 (c), which protrude from the surface and closely resemble the defect structures
reported for the egg lecithin-phosphatidyl inositol/water system.179 However, many of the
streaks are significantly distorted and form curved domains, giving rise to an increased number
of saddle-splay surfaces and apparent random packing and disorder, as shown in Figure 4.14
(b). This disorder is due the increasing negative Gaussian curvature driving the system towards
the formation of mosaic-like packing of highly curved domains, to dissipate the high energy cost
of the increasingly inverted molecular shape of the tightly packed surfactant molecules and the
increasing magnitude of the steric hydration repulsion between bilayers.

The images in Figure 4.14 clearly display a mixture of different behaviours. The sample shows
some ordered regions bounded by oily streaks, and also highly curved domains of distorted
defects. This is consistent with the POM images and also comparable with the observations of
the Na-AOT system. This is because both systems are progressing towards mosaic-like arrays
that are highly curved, in order to meet the energy costs incurred by retaining a bilayered
structure in close proximity to the bicontinuous cubic phase. However, at 70 wt % surfactant,
the structures of these systems are intermediate to the highly curved arrays formed at higher
concentrations (in proximity to the VII phase) and the highly ordered structures (more classical
L¸ regions) at lower concentrations that contain ordered domains and oily streaks.

At 78 wt % Na-butylAMA, shown in Figure 4.15, the cryo-SEM images illustrate the highly
curved lamellar domains formed by the system, in which oily streak defect chains pack closely
together in excellent agreement with the mosaic-like POM image obtained for the same sample
concentration. The individual FCD-I defects that make up the streaks are generally smaller
than 1 —m, and the majority of the streaks are less than 10 —m in length. The small size
of these streaks is likely due to the close packing of domains, meaning that their growth is
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Figure 4.14: Cryo-SEM images of a sample of 70 wt % Na-butylAMA. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

limited by neighbouring domains. Figure 4.15 (c) is an enlargement of the area indicated in
Figure 4.15 (a), and shows the ordered alignment of the streaks and the way in which the
surfaces curve around them to form domains, while the low magnification image illustrates the
uniformity of the sample. It is clear that the small bilayer repeat distance prevents any undulation
of the bilayers, although the small bumps observed in Figure 4.15 (b) may indicate some form
of topological defect structure. The images shown at 78 wt % are almost indistinguishable to
those presented previously for 75 wt % Na-AOT: see Figure 3.21 (d–f). Both sets of images
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Figure 4.15: Cryo-SEM images of a sample of 78 wt % Na-butylAMA. Image (c) is an
enlargement of the area marked in (a). Red dashed boxes highlight ordered and aligned oily
streaks. The inset shows the corresponding POM image, with a scale bar of 50 —m.

show the structures of the lamellar phases at concentrations ~3–4 wt % below the cubic phase
boundary, and provide a clear indication that the two surfactants form comparable structures at
high concentrations, indicating that the role of the increased tail branching is limited to (or at
least more significant at) lower surfactant concentrations.

Sodium butylAMA: Discussion

It is clear from the experimental results presented above that the Na-butylAMA system sta-
bilises a micellar region rather than a L¸ phase below ~50 wt % surfactant. The system
clearly has increased spontaneous curvature in comparison to the Na-AOT system. This can
be explained purely using a geometric argument, in that the reduced tail volume means that
the Na-butylAMA surfactant is less inverted and so the structure is more cone-like than that
of Na-AOT. Hence, a packing type that produces micellar structures is energetically favoured.
However, this argument is overly simplistic. The defect behaviour discussed above reveals that
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the Na-butylAMA system almost exclusively forms FCD-I defects in preference to FCD-II defects
in the lamellar phase. So, despite the geometric shape of the Na-butylAMA surfactant preferring
a spherical packing arrangement (positive Gaussian curvature), the system forms a lamellar
phase that has an energy cost associated with the curvature frustration of the bilayer that needs
to be stabilised by the formation of defects with negative Gaussian curvature. This suggests
that the point of dilution at which the lamellar phase of Na-butylAMA is no longer energetically
favoured is not because the shape of the molecule is too cone-like to form bilayers, but that the
bilayers become too fluid, and thus are not rigid enough to meet the required magnitudes of »
and »̄ to stabilise a lamellar phase.

The reason for the change upon dilution is evident when the repeat distance at which the
Na-butylAMA system does form a lamellar phase is considered. The pure L¸ phase of the
system is only formed with repeat distances at which the steric hydration repulsion forces are
significantly strong. The system does not form a lamellar phase once the contribution of these
forces to the free energy of the system becomes negligible. The system is not able to facilitate
the “crumpling transition” observed in the Na-AOT system, where the order of the system
alters abruptly as the governing force of the phase transition changes from steric hydration
forces to Helfrich forces. This transition is facilitated in the Na-AOT system by a conformational
rearrangement of the Na-AOT tails that is able to regulate the elasticity of the bilayers to
allow the lamellar phase (in a disordered form) to be extended to lower concentrations. In the
Na-butylAMA system, the molecule can clearly not regulate the elasticity to the same extent
and so the requirement for this lamellar behaviour (that » is of similar magnitude to kBT and
»̄ is between the weakly negative and extremely negative values that stabilise L3 or micelle
formation over the L¸ phase) is not met.

The effect of branching in the Na-butylAMA system is reduced in comparison to the Na-AOT
system. Although both systems technically have two carbon atoms branched from the linear
chain, their separate positions in the chain (and hence existence as methyl groups) in
Na-butylAMA, rather than the ethyl groups of Na-AOT, alter their relative contribution, as
does their relative distances from the surfactant headgroups. Using the empirical branching
factor of Nave et al.‡ produces values of 1.5 for Na-butylAMA and 1.67 for Na-AOT (with a
non-branched system having a value of 1 and higher numbers meaning a greater effect).48

The greater contribution in Na-AOT is a result of the added rotational freedom of ethyl groups
in comparison to methyl groups, making them sterically bulkier. In addition, one of the CH3

groups of the Na-butylAMA molecule is terminal and hence is too far removed from the
interfacial region to significantly affect it. The second CH3 group of Na-butylAMA is actually
closer to the surfactant headgroup than the ethyl branches are in Na-AOT (and thus is able
to contribute to the interfacial region of the headgroup). However, the reduced steric bulk and
lack of rotational freedom means that this effect is minimised and it is likely that significantly
splayed tail arrangements in Na-butylAMA may leave an energetically costly “void” between the
splayed tails, that the ethyl moieties of Na-AOT would be able to adequately fill, but the methyl
groups of Na-butylAMA cannot. The ethyl branches of Na-AOT may also allow for sideways

‡Nave’s branching factor is calculated by numbering the longest chain from the terminal end and using the
equation ⌃(# of carbons in branch ⇥ position on longest chain)/length of longest chain.
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interdigitating/tessellation of branches (that would increase the rigidity) that the methyl groups
of Na-butylAMA similarly would not.

The reduced branching in Na-butylAMA when compared with Na-AOT clearly increases the
stability of the micellar phase, but removes all stability of the disordered lamellar phase formed
by Na-AOT, and thus removes nearly all the behaviour that has previously been assigned as
anomalous. It is clear that our conclusions in the previous chapter assigning these behavioural
traits to the Na-AOT tail branching are justified, and that the role of the tail branching at the
hydrophobic/hydrophilic interfacial region is fundamental to the self-assembly of these systems.
However, it is also clear that the contribution of the branches is partially negated at high
concentrations, as the Na-AOT and Na-butylAMA systems show similar phase behaviours and
similar microstructures in this region.

The behaviour of Na-AOT was rationalised in the previous chapter in terms of the tail branching
introducing flexibility at the interfacial region of the surfactant, and providing the pathway
towards different degrees of elasticity through rotational isomerism. The Na-AOT tails introduce
disorder to the system by disrupting the efficiency of the packing of headgroups and altering
the tail volume contribution and lateral pressure at the hydrophobic/hydrophilic interface. This
disorder destabilises the formation of micellar aggregates and favours the localised instabilities
of the disordered lamellar structure, allowing topological defects and undulations. These aid in
the stabilisation of the system through entropic forces and are contributing factors in the values
of » and »̄ being such that neither a L3 phase or a vesicular phase are energetically preferred
over the L¸ phase. This disorder is normally a characteristic provided by the addition of a
cosurfactant and is also the reason for the much-lauded emulsifying properties of the surfactant.
The low concentration liquid crystalline behaviour is consistent with the microemulsifying
behaviour investigated in detail by Nave et al., which allows us to draw several parallels with the
other analogue systems reported in these publications.48,75,79,80 In particular, we can compare
the Na-AOT and Na-butylAMA systems studied here with the straight-chained Na-hexylAMA
(the surfactant initially proposed for study in this work) and an isomer of Na-AOT containing
unbranched octyl chains (Na-octylAOT).

The liquid crystalline phase behaviour was not the subject of the investigation by Nave et al.,
and so they did not produce phase diagrams for the series of surfactants they synthesised,
and did not discuss any differences in lamellar structures that were formed. However, several
concentration gradient POM images were produced and published in Nave’s PhD thesis,
including those of the unbranched hexyl and octyl systems.62 Obviously, no information can
be inferred about the concentrations at which any transitions occur, but the images do provide
information about the phase progression. From our own experimental work (based on all the
systems presented in this thesis), we are able to conclude that the presence of the swollen
lamellar phase stabilised by Helfrich forces can be identified in the concentration gradient
images by a change in birefringence, formation of myelin structures, and transition to an uneven
texture within the lamellar region. We can thus state that the images in Nave’s thesis reveal that
neither of the straight-chained systems (Na-hexylAMA and Na-octylAOT) form a disordered
swollen lamellar phase. It is also a point of interest that the Na-octylAOT system does not form
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a VII phase, but undergoes a L¸–HII transition, which is likely a result of an increased bilayer
thickness and thus increased rigidity and reduced spontaneous curvature.

Comparison of these four systems (Na-AOT, Na-octylAOT, Na-hexylAMA and Na-butylAMA)
allows us to show that the stabilisation of the disordered lamellar phase in Na-AOT is not solely
a factor of either tail length or the volume provided by the number of carbon atoms in the
tail region. The longest chains in Na-AOT are hexyl chains, while the other three systems
have octyl, hexyl and butyl chains, and none of them are able to produce the disordered
lamellar behaviour observed in Na-AOT. Similarly, if we consider the number of carbon atoms
contributing to the volume of the tail region, the two AOT molecules have C8 chains, while the
AMA molecules have C6 chains. The two C6 surfactants appear to produce similar behaviours
because the branching of Na-butylAMA is not sufficient to introduce significant disorder at
the interfacial region. In contrast, the two C8 systems are significantly different. The straight-
chained C8 analogue produces neither a disordered lamellar or cubic phase, while Na-AOT
stabilises both. The branching in Na-AOT is clearly responsible, and has fundamental roles in
introducing disorder into the system and increasing the flexibility and adaptability of the bilayer
through the introduction of rotational isomerism.

The initial proposal of studying the behaviour of Na-hexylAMA as a comparison to Na-AOT
would have also facilitated a discussion into the effect of chirality on the phase behaviours. The
use of Na-butylAMA, however, means that both systems have three chiral centres and thus are
both composed of a range of diastereomers. However, the longer branches within the Na-AOT
molecule mean it will form stereoisomers that are less equivalent than those formed in the
Na-butylAMA system. A logical assumption would be that the more branched a system is (or
the longer the branches it contains), the more likely the chirality is to play a significant role in
providing disorder to the surfactant packing in the system. Structural differences enforced by
different molecular configurations (stereoisomerism) persist at all concentrations and increase
the system entropy, whereas conformational differences due to rotational isomerism are likely
concentration dependent and different isomers will form only when energetically favourable.
This means that mixtures of different rotational isomers can exist at different concentrations,
and can induce localised packing environments through self-assembly that promote curvature
in the bilayer. Thus, these rotamers can reduce the system entropy and energetic cost
associated with maintaining a bilayered structure over large concentration ranges. It is likely
that the large differences between the Na-AOT and Na-butylAMA systems at low concentrations
are a result of the difference in effectiveness of the rotational isomers formed in each system
at promoting disorder at the interfacial hydrophobic/hydrophilic region. However, the smaller
differences observed at high concentrations (i.e. the slight differences in the locations of the
phase boundaries) are due to the different packing restraints of the stereoisomers present in
each system, which depending on their molecular structures, conform to the desired packing
arrangement of the whole to a greater or lesser extent.
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Potassium butylAMA: Experimental Results

As the extent of tail branching in the Na-butylAMA molecule is not sufficient to stabilise a swollen
lamellar phase (such as that observed in the Na-AOT system), the question was asked as
to whether this behaviour could be reintroduced using a further structural modification. This
was achieved by manipulating the headgroup of the system, and hence its contribution at the
hydrophobic/hydrophilic interface, by replacing the sodium counterion with a potassium cation,
forming K-butylAMA. There are no reports of this surfactant having been synthesised previously,
but the the replacement of the sodium ion in Na-butylAMA with a potassium ion should result
in a reduction in the effective size of the headgroup. Although the ionic radius of the Na+

ion is smaller than that of K+ (0.95 and 1.33 Å, respectively), the K+ ion has a significantly
reduced hydration shell, and so a fully hydrated Na+ ion is larger than a fully hydrated K+ ion
(3.58 and 3.31 Å, respectively).180 Further to this, sodium and potassium lie either side of
the chaotropic/kosmotropic divide, which describes the interactions with water as favourable
or unfavourable. Favourable interactions with water result in the Na+ ion being preferentially
strongly hydrated. In comparison, the K+ ion favours a partially dehydrated state, and readily
loses its outer hydration shell. The difference between the steric contributions of the counterions
is thus increased, a factor that is further enhanced by the two ions also differing in their affinities
for the AMA headgroup.

According to Collins’ law of matching water affinities, the sulfonate headgroup of the AMA ion
will form a tighter ion pair with the similarly “soft” K+ ion.49,181 The increased affinity between
headgroup and counterion will result in a reduced capacity for the counterion to dissociate, while
the effectively reduced size of the headgroup will result in a reduced headgroup contribution at
the hydrophobic/hydrophilic interface. It follows that the role of the surfactant tail volume at this
interface will then be increased, meaning that despite the reduced branching in comparison
with Na-AOT, the branches of K-butylAMA should promote more flexibility when compared with
the Na-butylAMA system. This should have the effect of promoting negative curvature at the
interface and increasing the elasticity of the bilayer, meaning that the formation of a swollen
lamellar phase and highly curved phases is more likely.

Potassium butylAMA Phase Behaviour

The phase diagram of K-butylAMA is presented in Figure 4.16, showing that L¸, VII and HII

phases are formed sequentially with increasing surfactant concentration. This is the same
phase progression observed in the Na-AOT and Na-butylAMA systems described previously.
With reference to these two systems, two features of the K-butylAMA phase diagram become
immediately evident. Firstly, replacing the Na+ ion with a K+ ion results in the lamellar phase
once again being stabilised at low surfactant concentrations, and so the room temperature
phase behaviour of K-butylAMA does not resemble that of its sodium analogue, Na-butylAMA,
but rather it is more similar to that of the structurally different Na-AOT. However, it is also
clear that the liquid crystalline phases of the K-butylAMA system are not as stable at high
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Figure 4.16: Phase diagram of K-butylAMA, showing a two-phase region (2P) and lamellar
(L¸), inverse bicontinuous cubic (VII) and inverse hexagonal (HII) phases.

temperatures as those of either of the previously described systems (with the exception of the
HII phase). The melting temperature of the L¸ phase is significantly reduced in comparison to
that of Na-AOT, particularly evident at low surfactant concentrations. The reason for this cannot
be stated with confidence, but may be a result of K+ having less favourable interactions with
water than the Na+ ion, or differences in the bilayer elasticity resulting in topological changes
that facilitate the phase transition.

When viewed through crossed polarisers, bulk samples of K-butylAMA are similar in appear-
ance to those of Na-AOT, with samples at low concentrations highly iridescent and samples
at high concentrations appearing opaque. Notably, at room temperature and under standard
lighting conditions, K-butylAMA samples between ~42 and 43 wt % surfactant appear blue.
This colour could be induced to appear or disappear in samples with surfactant compositions
within a few weight percent by gentle heating or cooling. From the work of Nallet et al., we
can infer that the blue colour results from a change in the optic sign of birefringence upon
dilution.111 It follows that the K-butylAMA system likely forms a swollen lamellar phase at low
concentrations, similar to that of Na-AOT, with thermal fluctuations providing both disorder and
a negative contribution to the birefringence. The change in birefringence was confirmed using
POM.

A feature not shown in the phase diagram is the higher Krafft temperature of K-butylAMA
when compared with that of Na-butylAMA, evidenced by the slow formation of crystals in
the mesophases of some K-butylAMA samples over time. The point of crystallisation was
unable to be recorded accurately due to the formation/melting of the crystalline material
being slower than the heating/cooling rate employed when investigating the phase behaviour.
When stored at 25 �C, partial crystallisation was only observed in samples composed of over
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65 wt % surfactant, although this was not apparent in all samples prepared within this range.
Unfortunately, the existence of a small amount of crystallised surfactant within some samples
means that the exact composition of the mesophasic portion of these samples is affected to a
small, but unknown, extent. These crystals were observed directly in the POM images for this
system and have an effect on the SAXS results, both of which are discussed below.

As the Krafft line indicating the temperature dependence of crystallisation is not shown, but
is clearly higher than 0 �C for some surfactant concentrations, the phase diagram should be
considered as preliminary. A fully elucidated phase diagram would indicate low temperature
regions where, for some compositions, the L¸, VII and HII phases coexist with crystals. Of
these three phases, crystallisation was most frequently observed in samples of the VII phase.
The synthesised pure surfactant was obtained as a waxy solid rather than a pure crystalline
material, and after melting the surfactant to an isotropic fluid followed by cooling to 25 �C, a HII

phase was formed in which no crystals were observed. Although, as implied above, the lack of
crystallisation could be due the rate of cooling rather than the true equilibration state.

Potassium butylAMA SAXS

The SAXS behaviour of the K-butylAMA system is presented in Figure 4.17, and it is clear
from the spectra that the stabilisation of the lamellar phase at low concentrations results
in non-classical lamellar behaviour similar to that observed for the Na-AOT system. Due to
instrumentation problems, the SAXS data presented in Figure 4.17 were captured using a
point collimated system and phosphor imaging plates rather than a line collimated system
and CCD camera. These data were converted to 1D spectral representations by Azimuthal
integration of the scattering intensity of the 2D images produced, and hence the resolution
is lower than in the Na-AOT and Na-butylAMA spectra discussed previously. The spectra are
also further complicated by crystallisation of the surfactant within samples at some surfactant
concentrations, and by the presence of peaks due to long-lived shear-induced structures, which
form upon loading of the extremely viscous VII and HII phases into the paste cell used in the
analysis. The presence of a small amount of crystalline material coexisting within samples
with the mesophases means that the exact surfactant composition of each component cannot
be determined with certainty. The presence of crystals also results in several sharp peaks
in the wide-angle scattering region above 8 nm-1 (not shown). The peaks due to shear-
induced structures occur at q spacings below that of the main Bragg peak, and are evident
at concentrations above 80 wt %. Although these peaks could be reasoned to be due the
presence of crystals within the samples, it is not likely as they were not observed to appear at
the same q spacings when samples from the same batch were analysed. Similar peaks were
also observed when the paste cell was used to examine similarly viscous materials produced
in other surfactant systems (where no crystals were present).

Despite the issues highlighted above, the spectra are sufficient to characterise the phase
behaviour of the system, and to draw several conclusions regarding the structure of the
K-butylAMA lamellar phase. Bulk observations of K-butylAMA samples between crossed
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Figure 4.17: SAXS profiles of the K-butylAMA system with increasing surfactant concentration.
Bragg peaks due to the L¸ phase are evident up to 75 wt % K-butylAMA (denoted by asterisks).
A two-phase region is observed at 80 wt %, and VII and HII phases are evident at 85 and 90 wt %
(denoted by arrows and dots, respectively).
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polarisers at 25 �C showed clear phase separation of samples between ~15 and 30 wt %
surfactant and an isotropic phase at lower concentrations. The profiles in Figure 4.17 are
consistent with these observations, showing very little scattering at 5 and 10 wt % K-butylAMA,
and only a small amount of diffuse scattering and a broad shoulder extending from the peak of
the primary beam at 15 wt %. More intense broad and diffuse scattering occurs between 1.5
and 5 nm-1 for concentrations of 20 and 25 wt % K-butylAMA, with a sharp peak also evident at
~0.7 nm-1, which arises due to the stacked bilayers of lamellar structures within the two-phase
region (confirmed by POM to be comprised of large MLVs).

Between 30 and 75 wt % K-butylAMA, the system forms a pure lamellar phase; however,
scattering that is characteristic of this phase (with Bragg peaks in the ratio of 1:2) is only
observed at concentrations above 55 wt % surfactant. Between 30 and 50 wt % K-butylAMA,
diffuse scattering dominates the spectra, with a decrease in intensity (and the eventual
disappearance) of the first-order Bragg peak occurring at slightly higher concentrations than
is observed in the Na-AOT system. The diffuse scattering and loss of intensity of the Bragg
peak imply that Helfrich forces have a role in stabilising the system, and thus the bilayers of
the structure must undulate as they are highly elastic and have a low value of » (» ⇡ kBT ). At
55 and 60 wt % K-butylAMA, diffuse scattering persists and is clearly still a significant feature
of the spectra, despite the appearance of two Bragg peaks. This implies that the phase retains
a significant amount of disorder at these concentrations, an observation that is supported by
the fact that the second-order Bragg peak is both broad and low in intensity, indicating weak
long-range ordering between bilayers.

At 80 wt % and 85 wt % K-butylAMA, a L¸/VII mixture and then pure VII phase are observed.
The noisy baseline and weak scattering mean a limited number of reflections can be assigned;
however, those assigned are consistent with an Ia3d space group, also observed the Na-AOT
and Na-butylAMA systems (see Figure 4.18). At 90 wt % K-butylAMA, a HII phase is observed,
although the shear-induced changes and crystallisation within the sample result in weak Bragg
peaks and the assignment of the VII and HII phases is primarily based on POM observations.

Figure 4.18: Plot showing the reciprocal d spacings vs.
p

(h2 + k2 + l2) for the cubic phase of
the K-butylAMA system, where hkl are the assigned Miller indices. Correct assignment of the
lattice type and space group is confirmed by the linearity of the plot and the intercept of the
fitted line at the origin. The lattice parameter is calculated as the reciprocal of the gradient of
the fitted line and is 59.2 Å for the sample concentration shown.
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Clearly the important feature of the spectra in Figure 4.17 is the obvious diffuse scattering
that dominates the K-butylAMA lamellar phase and implies that the system is stabilised by
Helfrich forces over a large concentration region. This indicates that the system forms highly
defective and disordered lamellar structures based on undulating bilayers. The lack of long-
range ordering in the system and weak scattering of the phase in comparison with equivalent
spectra for Na-AOT or Na-butylAMA (despite the K+ ion being a larger and stronger scattering
ion than Na+) imply that the degree of order in the K-butylAMA system is lower than in the
previous systems. Increased disorder may result from differences in elasticity or spontaneous
curvature that arise directly from the alterations in the molecular structure, although the
chaotropic nature of the K+ ion, which will destabilise the surrounding water structure, may
also play a role by softening the bilayer at the water interface, resulting in increased undulation
and increased entropy.

Potassium butylAMA Optical Microscopy

Polarising optical microscopy images of K-butylAMA samples are shown in Figure 4.19 and
illustrate a similar trend to those reported in Chapter 3 for the Na-AOT system. At 20 wt %
surfactant, samples of K-butylAMA fall within the two-phase region of the system, and bulk
samples were observed to phase separate. The POM image of a sample of 20 wt % K-butylAMA
also shows the presence of two phases, with Maltese cross patterns on an isotropic background
indicating the presence of many MLV structures within an isotropic fluid. This image is distin-
guishable from textures of a pure lamellar phase containing the same defect structures due
to the flocculation of the MLV structures, the narrow distribution in their size, and the lack of
any birefringence in the background due to smaller defects or domains of different ordering. In
contrast, the image at 35 wt % K-butylAMA shows the pure lamellar phase of the system near
its lower concentration limit, and is dominated by FCD-II defects of varying size and degrees of
distortion.

At 40 wt % K-butylAMA, the POM texture appears dark due to the change from negative to
positive birefringence. This is a result of the form and intrinsic birefringence components being
of equal and opposite values, due to fluctuating bilayers stabilised by Helfrich interactions.
At 45 wt % K-butylAMA, within the positive birefringence region of the lamellar phase, many
distorted FCD-II defects are retained. Upon rotation of the sample stage, some FCD-I defects
were also identified, meaning the two defects types coexist at this concentration. These defects
also coexist in Na-AOT samples of the equivalent concentration; however, the number of defects
is considerably less in the Na-AOT system, the FCD-II defects are smaller, and the FCD-I
defects form obvious oily streaks. At higher surfactant concentrations, the K-butylAMA textures
are very similar to those observed in samples of both Na-AOT and Na-butylAMA. The image
at 60 wt % K-butylAMA shows short oily streaks, several individually discernible FCD-I defect
points, and the beginning of the close packing of defects. At 75 wt % surfactant, the close
packing of defects and highly curved domains results in a mosaic-like pattern.
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Figure 4.19: POM images of K-butylAMA with increasing concentration at ~25 �C. A two-
phase region of flocculating MLVs gives way to a lamellar phase that undergoes a change from
negative to positive birefringence, and a gradual change in defect behaviour from predominantly
FCD-II to predominantly FCD-I defects, with increasing concentration. Crystalline material is
observed to coexist with the mesophases within the isotropic and fan-like textures of the VII
and HII samples. Scale bars are 100 —m. Additional images are available in Appendix C.
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The POM textures at 85 and 95 wt % K-butylAMA show isotropic and fan-like patterns
characteristic of the VII and HII phases the system forms, but both textures also contain a
significant amount of crystalline material. The images shown are representative of the samples
viewed at those concentrations, but the surfactant and water compositions of the mesophases
will be slightly different from the stated concentrations due to the crystallisation of some
material. Once formed, the crystalline material was observed to be very stable, and was
retained upon sample heating to temperatures in excess of those at which the mesophases
were observed to melt. This non-equilibrium behaviour indicates an increase in the Krafft point
relative to the Na-AOT and Na-butylAMA systems. This can be rationalised by the comparatively
shorter tails and/or smaller effective headgroup size (resulting from the tightly bound and poorly
hydrated potassium ion).

The images shown in Figure 4.19 illustrate that the K-butylAMA system presents the same
general trends as the Na-AOT system. The lamellar phase is highly defective and shows
a gradual change towards negative Gaussian curvature, with FCD-II defects formed at low
concentrations replaced by FCD-I defects in the form of oily streaks and mosaic patterns at
high concentrations, where more classical lamellar behaviour is observed. However, while the
images at high concentrations are very similar to those presented previously for the Na-AOT
and Na-butylAMA systems, the images at lower concentrations show that the defects in the
K-butylAMA system are generally larger than those observed in Na-AOT samples.

The larger defect structures and formation of a two-phase region, consisting of many stable
MLV structures, at higher surfactant concentrations in the K-butylAMA system is an indication
that the van der Waals contribution is dominant over the electrostatic and Helfrich forces for a
larger concentration range than in the Na-AOT system. This suggests that while comparable,
the elasticity of the K-butylAMA system is not equivalent to that observed in the Na-AOT system.
Both systems have a value of » in the approximate range of kBT at some concentrations, but the
monolayers composing the K-butylAMA bilayer likely have increased spontaneous curvature
in comparison to those of Na-AOT. This conclusion is supported by the reduced transition
temperature upon heating in the low concentration lamellar phase region of the K-butylAMA
system compared to that of Na-AOT. The bilayer structures of K-butylAMA are not as stable
as those in the Na-AOT system. The K-butylAMA monolayers have a greater energy cost
associated with retaining lamellar bilayers in the dilute region and a reduced capability to
dissipate this cost, due to the decreased tail branching in proximity to the headgroup. As such,
the L¸ phase is energetically favoured over smaller temperature and concentration ranges than
in the Na-AOT system. Replacing the Na+ ion with a K+ ion as the counterion for butylAMA
has effectively reproduced much of the low concentration Na-AOT phase behaviour; however,
the differences in molecular structure mean that the behaviour of the K-butylAMA system is
between that of the previous two systems.
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Potassium butylAMA Cryo-SEM

Given the similarities between the K-butylAMA and Na-AOT systems highlighted in the phase
behaviour, SAXS and POM discussions above, it is unsurprising that the cryo-SEM images of
the K-butylAMA lamellar phase are also comparable to those of the Na-AOT system. There
are, however, also several differences between the microstructures of the two systems, which
arise from the bilayers of each system having slightly different elasticities, and may also be a
result of the chaotropic and kosmotropic counterions affecting the water structure of the system
differently.

Cryo-SEM images obtained for samples of 30 wt % K-butylAMA are presented in Figure 4.20,
showing that the lamellar phase formed at this concentration is highly disordered and contains
a large number of defects. Consistent with low concentration samples of the Na-AOT system,
the K-butylAMA system appears to deviate from classical lamellar behaviour to varying degrees
at different lengthscales, and at different magnifications the system can appear either more or
less ordered. A sample concentration of 30 wt % surfactant was selected for the K-butylAMA
system rather than a sample of 25 wt % (which would have allowed for a direct comparison

Figure 4.20: Cryo-SEM images of a sample of 30 wt % K-butylAMA. Red dashed line indicates
the approximate boundary of a disordered FCD-II defect. The inset shows the corresponding
POM image, with a scale bar of 50 —m.
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with images of the Na-AOT system shown previously) as the K-butylAMA system produces a
biphasic mixture at 25 wt % and our intent was to investigate the extent of connectivity within the
pure L¸ phase. However, it should be noted that at 25 �C, the 30 wt % K-butylAMA sample is in
close proximity to phase boundaries with respect to both reduced concentration and increased
temperature.

Given that the K-butylAMA lamellar phase has reduced thermal stability in comparison with the
Na-AOT system, likely due to the bilayer having more spontaneous curvature, it is not surprising
that the lamellar phase is highly disordered. Given the close proximity of the sample to the
2P–L¸ phase boundary it is also not surprising that different regions of the sample appear to
show different amounts of order. All the images show the high degree of connectivity within the
sample, within both the surfactant and water domains. The defects observed by cryo-SEM are
consistent with those observed via POM, with highly distorted FCD-II defects evident. As is the
case for the Na-AOT images at low surfactant compositions, obtaining an approximate value for
the average domain size in the 30 wt % K-butylAMA sample is difficult based on the cryo-SEM
images. This is because the directional ordering of the lamellar phase is poorly defined, as it
changes continuously without distinct walls or lines of concentrated defects separating regions
of different order. Instead, Figure 4.20 shows that regions with different on average directions
of order are separated from other regions by an area of greater disorder. This means that
the separation of domains is gradual and pinpointing the phase boundary in such an area is
somewhat arbitrary.

The images presented in Figure 4.21 for 50 wt % K-butylAMA show a variety of different defect
behaviours, and surfaces of both positive and negative Gaussian curvature are evident. This
is consistent with the POM image (inset) obtained at the same surfactant concentration, which
shows the phase contains a mixture of FCD-II and FCD-I defects. The low magnification image
shown in Figure 4.21 (a) reveals different regions in which the system exhibits a range of
behaviours. Areas with directional order averaged along a single director axis can be seen
in the upper left of the image. Domains of ~10–20 —m in size that appear to have grown
outwards from several defect singularities are observed in the centre of the image, and in
addition, several large FCD-II defects can be observed throughout the image. These are also
up to 20 —m in size and would possibly resemble the domains in the centre of the image
if fractured through the middle. In the lower right of the image streaky FCD-I defects are
present. Figure 4.21 (b) is dominated by a partially visible FCD-II domain with obvious positive
Gaussian curvature, and also clearly shows sharp boundaries separating different domains
and possible screw defects. Figure 4.21 (c) and (d) are images captured at slightly higher
magnifications – (d) is an enlargement of the centre of (c) – and are excellent indicators of the
disorder within the system, also providing an excellent illustration of how some defects gradually
merge with the bulk phase, while others form sharp boundaries. This region contains a high
concentration of defects, which range in size from ~0.3 to 7 —m and are obviously distorted
and subjected to harsh curvature environments. The bilayers are clearly still highly connected
and show clear evidence of undulations, consistent with the SAXS experiments carried out
at this K-butylAMA concentration, which showed that diffuse scattering (arising from thermal
fluctuations) dominates the spectra.
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Figure 4.21: Cryo-SEM images of a sample of 50 wt % K-butylAMA. Red dashed lines highlight
examples of FCD defects of various size and distortion. The inset shows the corresponding
POM image, with a scale bar of 50 —m.

At 70 wt % K-butylAMA, there is a clear decrease in the local scale disorder of the bilayers
(see Figure 4.22). However, when considering the images presented previously for the Na-AOT
and Na-butylAMA systems, and the fact that at 70 wt % K-butylAMA the phase is expected
to be governed by strong steric hydration repulsion forces, the degree of connectivity in the
phase is perhaps surprisingly still significant. Given that the Na-butylAMA system showed
considerably less connectivity at an equivalent concentration, the disorder must result from
the K+ counterion. Given that the K+ ion is both chaotropic and different in size to the Na+ ion,
it is logical that the K+ ion will alter both the steric and hydration components of the short-range
forces, and thus will display different degrees of bilayer elasticity. Apart from this local scale
elasticity, the 70 wt % K-butylAMA sample does not show any behaviour that is not expected
from the POM investigation. The POM image of 70 wt % K-butylAMA shows a mixture of
features, with mosaic-like patterns and oily streaks both present, and the cryo-SEM images
are consistent with this. Clear domain boundaries separating regions of different orientation
are observed in all the images shown in the Figure 4.22. Some of these domains are relatively
ordered and contain (or are separated by) oily streaks, while others are present as arrays of
highly curved defects that are beginning to form the structures that give rise to the mosaic-like
patterns observed by POM.
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Figure 4.22: Cryo-SEM images of a sample of 70 wt % K-butylAMA. Red box highlights an oily
streak formed by many FCD-I defects. The inset shows the corresponding POM image, with a
scale bar of 50 —m.

Compared with the images of the Na-AOT and Na-butylAMA systems shown previously, the
images of the K-butylAMA system are clearly more similar to those of the Na-AOT system,
following the same general trends at low and high surfactant concentrations (for an example see
Figure 4.23). However, the behaviours observed in the Na-AOT system are shifted to slightly
higher concentrations in the K-butylAMA system, presumably due to the apparent increase in
disorder in the microstructure. A comparison of the phase diagrams of the three systems clearly
indicates that the phase behaviour of the K-butylAMA system is more similar to the Na-AOT
system than the Na-butylAMA system is. However, it is noticeable that while the cryo-SEM
images show similar trends for all three systems, at high concentrations the K-butylAMA images
show more disorder than the other systems, implying that the K-butylAMA bilayer retains a
degree of flexibility upon packing that the Na-AOT and Na-butylAMA systems do not. This
suggests that while the differences in the tail regions determine the relative microstructures of
these systems at low concentrations, at higher surfactant concentrations the differences are
minimised by the efficient packing of the tails, and differences in the headgroups (i.e. the role
of the counterion) becomes the more important feature. As such, the Na-AOT system shows a
greater resemblance to the Na-butylAMA system at high concentrations than the K-butylAMA
system. This is because the bound K+ ion provides less steric bulk to the headgroup, resulting
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in weaker electrostatic repulsive forces between the headgroups and also increasing entropy
through the disruption of the water structure.

Figure 4.23: Comparative cryo-SEM images of ~70 wt % surfactant samples of Na-butylAMA,
K-butylAMA and Na-AOT at ⇥ 5000 magnification.

Potassium butylAMA: Discussion

In the comparison of Na-AOT and Na-butylAMA presented previously in this chapter, it was con-
cluded that the superior branching of Na-AOT in close proximity to the hydrophobic/hydrophilic
interface is responsible for the different behaviour of the systems at low surfactant concen-
trations. The tail branching introduces flexibility and additional bulk at this interface, and the
reduction of these properties in the Na-butylAMA system removes the ability of the molecule
of stabilise a swollen and disordered lamellar phase. However, through the synthesis of
K-butylAMA, we have reintroduced this flexibility by decreasing the effective steric bulk of the
headgroup without changing the molecular composition of the butylAMA anion itself.

The role of the potassium ion in producing a disordered lamellar phase in the K-butylAMA
system is not limited to a reduced contribution of steric bulk at the headgroup. The K+ ion
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also provides flexibility and disorder to the system in several other ways, as is evident in both
the weak small-angle scattering of the system and the degree of connectivity in the structure
in cryo-SEM images. The K+ ion is chaotropic meaning that it generally exists in a partially
dehydrated state, disturbs the surrounding water structure, and forms a closer ion pair with the
sulfonate headgroup of the butylAMA anion than the Na+ ion does. The K-butylAMA lamellar
bilayer is stabilised through a combination of factors that result from the chaotropic nature of the
counterion, which each aid in introducing disorder to the micellar phase (and thus promoting
the formation of the disordered lamellar structure), but also contribute to the decreased thermal
stability of the phase and additional disorder at high concentrations.

The reduced branching in the butylAMA anion compared to that of AOT (and thus the reduced
tail contribution to the flexibility at the interface) is partially compensated for in K-butylAMA by
the small and tightly bound K+ ion, which reduces the contribution of the headgroup (and thus
effectively increases the relative contribution of the tail region). However, the closer counterion
binding of the K+ ion also has the effect of increasing the shielding of the electrostatic repulsion
forces in this system, which will increase the value of »̄ and promote topological variations
in the bilayer. The disrupted water structure and reduced dehydration of the cation will likely
result in an overall decrease in the hydration of the K-butylAMA headgroup, which has been
shown previously to introduce additional conformational disorder into the tail region of similar
systems.102 As well as dehydration, the tight counterion binding will also result in a modification
of the tail region, which may affect the extent of interdigitating in the bilayer and allow for a
change in bilayer thickness, thus altering the value of ».

The Na-AOT lamellar phase is clearly more stable than that of the K-butylAMA system, with
broader concentration and temperature ranges present. However, the K+ ion provides enough
disorder to the bilayer of K-butylAMA to allow the instabilities that promote the disordered
lamellar phase to form over a concentration range of ~30–50 wt % (i.e. the bilayer undulations
and localised topological point defects). This work demonstrates the interplay between the
degree of tail branching and steric contribution of the headgroup, and also highlights the
important role of the counterion in the self-assembly of surfactant systems. A change in
counterion in this system alters the hydrocarbon chain environment, the steric bulk of the
headgroup, the hydration of the molecule, the magnitude of the electrostatic forces, and the
entropy of the system through unfavourable interactions with water. Like the effect of branching
in the hydrocarbon tail region, the role of counterions in surfactant self-assembly is often
neglected. This role is further investigated in the following chapters, with the experimental
results of replacing the Na+ ion in Na-AOT with other alkali metal and ammonium counterions
discussed.
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Potassium and Lithium Aerosol OT

Potassium and Lithium AOT: Introduction

The characterisation of the Na-AOT system revealed that molecular flexibility of the surfactant
is a key factor in rationalising the phase and defect behaviours of the system. It also showed
that the elasticity of the Na-AOT bilayer is susceptible to small changes in both entropic or
electrostatic forces, due to the magnitudes of these forces being comparable at some surfactant
concentrations. The relative contributions of these forces and the effect of their competition on
the bilayer flexibility was further highlighted by the study of the Na-butylAMA and K-butylAMA
systems. The different phase behaviours exhibited by the two butylAMA systems demonstrates
the important role that the counterion plays in determining the thermodynamically preferred
phase progression. The effect of the counterion is now discussed further with regards to its
role in AOT systems. In this chapter the phase behaviours of the K-AOT and Li-AOT systems
are presented and are shown to be significantly different to that of the Na-AOT system. This
behaviour is then rationalised in terms of both the steric and electronic effects that the different
cations have on the system, and also specific ion effects related to the different hydrations and
water affinities, which cause differing degrees of counterion binding and freedom.

The effect on the phase and defect behaviours that will result from changing the counterion
of a surfactant system are not easily predicted. This is because, although its role is often
neglected, the counterion affects the other components of the system in a number of different
ways, and how it does so changes with both concentration and temperature. Changes in the
counterion can result in dramatic changes in the phase progression of surfactant systems,
with one significant example being the difference in the phase progression of the chloride
and bromide didodecyldimethylammonium systems.45,46 The first of these systems presents
a lamellar phase that undergoes classical 1D swelling, while the second forms two different
lamellar phases, that have a large region of coexistence. Such effects are difficult to explain,
and are at present almost impossible to predict. However, we can state that the K+ and Li+

ions used as counterions to AOT in the experimental work of this chapter have very different
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preferred hydration states. As discussed in the previous chapter, the chaotropic K+ ion has a
higher affinity for the sulfonate moiety of the AOT anion than the kosmotropic Na+ ion, which
can be explained in terms of reduced hydration compared with the Na+ (the hydrated radii of
Na+ and K+ are reported as 3.58 and 3.51 Å, respectively180). The hydrated ionic radius of the
Li+ ion is larger than that of either Na+ or K+ (at 3.82 Å180) and so the ion will have favourable
interactions with water, but a mismatched hydration shell to that of the sulfonate headgroup.
Hence, the Li+ ion will not form a strong ion pair, and thus will be the weakest bound of the
three ions. The differences in hydration, binding and effective size will to varying degrees alter
the tail packing, the steric bulk of the headgroup and all the intermolecular forces that govern
the system.

Both K-AOT and Li-AOT have been produced previously; however, a literature search reveals
only six articles that refer to Li-AOT and 23 that refer to K-AOT (by comparison the Na-AOT
system has over 14,500 citations).‡ It is worth noting that K-AOT does have some practical uses
and is also cited in over 50 patents. These patents are primarily in the fields of pharmaceuticals,
drug delivery and polymer formulations, although a number also report on the use of K-AOT
in more traditional surfactant roles within industrial applications, such as the cosmetic, oil and
ink industries. None of the literature articles or patents referring to either Li-AOT or K-AOT refer
to any liquid crystalline behaviour, and so to our knowledge the experimental work reported
within this thesis is the first example of this behaviour being studied for either surfactant. Of
the literature articles that do reference the two surfactants, there are only three that provide
any information that can be considered relevant to this study. Values for the CMCs of Li-AOT,
Na-AOT and K-AOT have been reported by two groups separately, and were first quoted as
3.0, 2.5 and 2.3 ⇥ 10-3 M, respectively.182 However, they have more recently been reported
as 2.66, 2.63 and 2.70 ⇥ 10-3 M, and so with a different trend with respect to increasing
value (Na+ < Li+ < K+).183 The relative CMC values do not actually provide any significant
information about the assembly behaviour of the surfactants at high concentration; however,
of more relevance is that the second of these studies also reported calculated values for the
hydration number and minimum area per molecule at the air/water interface for each ion. These
follow the expected trend of the Li+ ion being effectively largest due to a larger number of
hydration waters, and K+ being the smallest and least hydrated (hydration numbers are reported
as 7.4, 6.5 and 5.1 for Li+, Na+ and K+, respectively). It is also noteworthy that the vibrational
spectra obtained for the pure surfactants by Moran et al. present peak positions consistent with
the Li+ ion having the smallest charge-to-radius ratio, showing that the Li+ ion exists in very
different hydration states at each concentration extreme of the system.101

‡Literature search conducted January 2017.
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Potassium AOT: Experimental Results

Potassium AOT Phase Behaviour

The phase behaviour of the K-AOT system is significantly different to the Na-AOT and butylAMA
systems described in the previous chapters, a fact that was immediately apparent upon the
preparation of bulk samples. K-AOT samples within a large concentration range, between ~30
and ~74 wt %, are isotropic at room temperature when viewed between crossed polarisers,
and this region can be further separated into two regions based upon visual examination of their
relative viscosities. Samples between 30 and 58 wt % surfactant have low viscosity (comparable
to that of water), consistent with the properties of a sponge phase. In contrast, samples
between 59 and 74 wt % K-AOT are extremely viscous, indicative of a VII phase. Samples
prepared with concentrations at the boundary between the two regions generally appeared
viscous, but upon significant agitation using a vortex mixer, were observed to separate into two
phases with contrasting viscosities. Samples with K-AOT concentrations lower or higher than
these regions were anisotropic when viewed between crossed polarisers, with those at low
surfactant concentration producing coloured patterns and those at high surfactant concentration
appearing opaque/white. These observations indicate the formation of L¸ and HII phases,
respectively.

The assignment of the phases formed in the K-AOT system was confirmed using POM, SAXS
and cryo-SEM, as discussed below. The system was also shown by POM and SAXS to exhibit
several phase transitions with changes in temperature, which are shown in the elucidated phase
diagram of the system presented in Figure 5.1. The formation of a L3 phase between the L¸

and VII phases indicates that the counterion to AOT has an important role in controlling the self-
assembly of the molecules into specific phases. The fact that the K-AOT system stabilises the
L3 phase of continuous and on average negative Gaussian curvature, over the “flat” morphology
of the lamellar phase (stabilised by undulations and many defects) formed in the Na-AOT
system, reveals that the K+ ion drives the formation of more negative interfacial curvature,
which results in an increased positive contribution to the value »̄ and likely also a change
in sign (from negative to positive). The L3 phase is energetically favoured over a significant
concentration range at room temperature (spanning a range of 27 wt % K-AOT at 25 �C);
however, it is not the energetically stable high temperature phase. All samples within the L3

phase region form a L¸ phase with the addition of heat, showing that the K-AOT sponge phase
is not stable at temperatures above 70 �C. Similarly, within the K-AOT system many VII samples
also transition to a L¸ phase with increasing temperature (a transition observed in several other
systems184–187). A L3–L¸ transition indicates that the system reverts to behaviour more akin to
that observed in the Na-AOT system at high temperatures, and that upon increasing thermal
energy the system (in some respects) undergoes a disorder–order transition. This is consistent
with the SAXS results reported previously for the Na-AOT lamellar phase, which show the
phase adopts smaller bilayer spacings at higher temperatures and that the general trend
upon increasing temperature is the SAXS patterns mimicking those formed with increasing
concentration.

143



Chapter 5

Figure 5.1: Phase diagram of the K-AOT system, showing sponge (L3), lamellar (L¸), inverse
bicontinuous cubic (VII) and inverse hexagonal (HII) phases. The region marked in grey is likely
a continuation of the VII phase, but a single space group could not be definitively assigned in
this region.

The increase in order with temperature is most obvious at concentrations between 52 and
58 wt % surfactant, where the system undergoes an intermediate transition prior to the
formation of a L¸ phase (highlighted in grey in Figure 5.1). Samples within this intermediate
region remain isotropic when viewed between crossed polarisers, but become noticeably
more viscous. The structure within this region undoubtedly has 3D ordering (confirmed by
SAXS measurements), but the formation of long-lived intermediate structures (which likely
provide a low energy pathway between the L3, VII and L¸ phases) prevented a single cubic
space group being assigned to the region, likely due to a mixture of structures being formed.
The disordered structure of the L3 phase is often described as being that of a “melted”
VII phase, a description that adequately depicts the connected nature of the L3 phase, but
may be misleading in this case given the observation of the L3 phase forming VII structures
with increased temperature. This highlights the significant effect that temperature has on the
system. The relative contributions of the intermolecular forces must change appreciably with
temperature and, based on our study of Na-AOT, result in a reorganisation of the conformational
structure of the surfactant molecule. The phase transitions show that the relative values of »
and »̄ are altered, and that (similarly to the Na-AOT system) the electrostatic forces of the
system are in competition with the entropic contribution provided by the thermal energy and
topological defects.

The formation of a L3 phase in the K-AOT system is not the only change in phase behaviour
resulting from the promotion of increasingly negative interfacial curvature brought about by the
K+ counterion. Although, as the L3 phase formation causes the disappearance of the lamellar
phase at only 30 wt % surfactant, it is the most obvious. The relative stabilities of the VII and
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HII phases are also affected when compared with the Na-AOT and butylAMA systems reported
in the previous chapters. The phase boundaries of both these phases are shifted to lower
concentrations, forming at ~59 and 72 wt %, respectively (compared with >78 wt % for VII and
>82 wt % for HII phase transitions in the Na-AOT and butylAMA systems).

Potassium AOT SAXS

SAXS profiles for the K-AOT system (1D and 2D at 25 �C) for concentrations between 5 and
55 wt % surfactant are shown in Figure 5.2. The dominant feature of all the profiles is diffuse
scattering; however, at low concentrations (below 30 wt % K-AOT) a first-order Bragg peak
is also present. The 2D profile of 25 wt % K-AOT shows that this reflection has preferential
ordering, while any scattering at similarly low q values occurring at higher concentrations
does not. The disappearance of the first-order Bragg peak indicates the L¸–L3 transition (and
the associated reduction in long-range ordering), but it should be noted that this occurs at

Figure 5.2: SAXS profiles of the K-AOT system, showing the L¸–L3 transition with increasing
surfactant concentration. Both 1D (left) and 2D (right) profiles are shown, obtained using line
and point collimation, respectively.
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approximately the same q spacing as the first-order Bragg peak of the Na-AOT system drops
in intensity due to a minimum form factor contribution. In contrast to Na-AOT profiles, however,
the K-AOT system does not produce a second-order Bragg peak and the loss of the first-order
peak is accompanied by a shift in the diffuse scattering and very low angle scattering (indicating
a change in form factor and increase in characteristic length/pore size). Moving from the L¸ to
the L3 phase, there is a shift in the diffuse scattering towards lower q spacings, most obvious
between concentrations of 25 and 30 wt % K-AOT, where the centres/maximum intensities
occur at ~2.6 and ~2.2 nm-1, respectively. At higher concentrations within the L3 phase (at 50
and 55 wt % K-AOT), the diffuse scattering returns to higher q values and there is evidence of
developing order through the appearance of a shoulder to the broad scattering at ~1.5 nm-1,
which is likely due to a change in topology approaching the L3–VII phase boundary.

SAXS spectra at higher surfactant concentrations are presented in Figure 5.3, showing that
VII and HII phases are formed. The characteristic q spacing ratios for an Ia3d space group
(
p

6:
p

8:
p

14. . . , see Figure 5.4) are observed at 60 and 65 wt % K-AOT, although not all peaks
are well-resolved. No other space groups are observed within the VII region, and the profile at
75 wt % K-AOT shows the two-phase region to be a mixture of Ia3d and HII structures, and a
pure HII phase with peaks in the ratio of 1:

p
3:

p
4 is observed at higher concentrations.

Figure 5.3: SAXS profiles of the K-AOT system, showing the formation of VII and HII phases.
Both 1D (left) and 2D (right) profiles are shown, obtained using line and point collimation,
respectively. The VII reflections are denoted with arrows and the HII reflections are marked
with dots.
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Figure 5.4: Plots showing the reciprocal d spacings vs.
p

(h2 + k2 + l2) for the cubic phases of
the K-AOT system, where hkl are the assigned Miller indices. Correct assignment of the lattice
type and space groups is confirmed by the linearity of each plot and the intercept of the fitted
line at the origin. The lattice parameter for each graph can be calculated as the reciprocal of
the gradient of each fit.

Figure 5.5 shows the evolution of scattering profiles with increasing temperature for samples
of 30 and 35 wt % K-AOT. The sets of spectra show similar trends, with a disorder–order
transition evident from the appearance of Bragg peaks. At 30 wt % K-AOT, a sharp first-order
peak (at temperatures of 35 �C and above) and evidence of very weak second-order scattering
can be seen. At 35 wt % K-AOT, the second-order scattering is stronger and the first-order
peak becomes significantly weaker with increasing temperature. Both sets of profiles show an
intensity maximum in the first-order peak at ~40 wt % surfactant, which implies that the factor
behind the increased order involved in the L3–L¸ transition (likely a conformational change) is
separate from the subsequent disorder upon further increases in temperature.

Figure 5.6 shows the effect of temperature at 50 and 55 wt % K-AOT. At 50 wt % surfactant,
a trend similar to that observed at lower concentrations is evident, with first- and second-
order Bragg peaks appearing at the L3–L¸ transition point (occurring at ~55 �C). At 55 wt %
surfactant, the profiles show a significant increase in order with temperature, evidenced by the
formation of a series of up to seven sharp reflections between 0.8 and 1.4 nm-1. In contrast to
samples at lower concentrations, which show a first-order transition from the L3 to L¸ phase with
increasing temperature, samples between ~52 and 58 wt % form an extremely viscous isotropic
phase prior to the formation of the anisotropic lamellar phase. This implies the formation of a
structure with 3D ordering, such that the three refractive indices are equivalent. However, the
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Figure 5.5: SAXS profiles of the K-AOT system with increasing temperature at (a) ~30 wt %
K-AOT and (b) ~35 wt % K-AOT. Bragg peaks (denoted with asterisks) indicate the formation
of the L¸ phase.

reflections shown in Figure 5.6 do not provide a satisfactory fit with a single cubic space group,
and the broad scattering arising from the form factor of the bilayer (a factor of both the L3 and
L¸ phases at lower and higher temperatures, respectively) is retained in the SAXS patterns
of this region. The relative q spacings of up to five of the reflections are consistent with the
Ia3d space group; however, this does not hold true at all temperatures and the assignment of
peaks in this way results in the

p
6 reflection being weaker in intensity than the

p
8 reflection, an

unlikely scenario in a pure VII phase. The spectra show that the phase analysed is not a pure
bicontinuous cubic phase, so it is likely highly distorted or a mixture of phases, and contains
metastable intermediate structures.

Another possibility is that the system does not form a VII phase between the L3 and L¸ phases,
but instead forms a single intermediate phase, a term used to collectively refer to ribbon,
mesh and non-cubic bicontinuous structures that can have rectangular (in the case of ribbon),
random, tetragonal or rhombohedral space groups.188 The intensity pattern of the peaks formed
at 55 wt % K-AOT is consistent with the reported patterns of several mesh phases, which are
all experimentally characterised with three strong reflections at low q spacings and a series
of weaker reflections at higher q spacings.‡ 189–195 Of these reflections, the maximum intensity
is normally observed in the second peak, which correlates to the lamellar stacking of the 2D
ordered mesh aggregates. The patterns for 55 wt % K-AOT shown in Figure 5.6 are consistent

‡See the work of Puntambekar for an extremely well-ordered example.189
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Figure 5.6: SAXS profiles of the K-AOT system with increasing temperature at (a) ~50 wt %
K-AOT and (b) ~55 wt % K-AOT. Bragg peaks due to the L¸ phase are marked with asterisks.
Various peaks are observed with increasing temperature in (b) and are discussed in the text.
The peaks marked by black arrows at 65 �C can be indexed to the Ia3d space group or to
several intermediate phases. However, the peak marked with a red arrow does not fit with any
of these assignments.

with this, most obviously at 50–65 �C. However, the scattering pattern cannot be indexed to a
tetragonal arrangement, and while attempts to index the pattern to a rhombohedral space group
showed a reasonable fit for a number of peaks, the error in the positioning of the third peak in
particular (in comparison to the expected position based on the calculated cell parameters) was
too great, and hence rules out this possibility. Such phases arise due to the presence of non-
uniform interfacial curvature, which (given the freedom of the AOT tails and the positioning of
this region in the phase diagram) is a feasible scenario in the K-AOT system upon heating. This
region borders the L¸ phase and two bicontinuous phases (VII and L3), and hence a non-cubic
bicontinuous phase could logically aid the transitions between these phases. However, despite
being reported several times, the existence of such a phase has not been unambiguously
established, and its thermodynamic stability is doubted. An ordered mesh phase, which is
essentially comprised of lamellar bilayers with a regular array of monodisperse pores could
also facilitate these transitions.

The intermediate structure could also be one of several based upon polycontinuous domains
that have been proposed recently.16,17 Figure 5.7 shows attempts to index the K-AOT SAXS
spectra to various modelled space groups. While some assignments show a reasonable fit, they
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Figure 5.7: SAXS profiles for a sample of 55 wt % K-AOT at various temperatures. Dotted red
lines denote the expected peak positions for the labelled space groups, based upon all allowed
Miller indices. The peak positions of the R3m and P63/mcm assignments are dependent upon
the cell parameters a and c (calculated values shown). Cell parameters were calculated using
the equations 1/d2 = 4/3(h2 + hk + k2)/a2 + l2/c2 and 1/d2 = 4/3(h2 + hk + k2) + (1/R2)l2
where R = c/a for the R3m and P63/mcm phases, respectively.
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are inadequate to unambiguously assign the phase. The only tricontinuous/tetracontinuous‡

phase to be observed experimentally is the 3etc structure with P63/mcm (hexagonal) symmetry,
reported by Sorenson et al.17 We note that the evolution of the SAXS pattern with temperature
observed for the 3etc structure is similar to that shown in Figure 5.6 for the K-AOT system and
that our calculated unit cell ratio (c/a) of 0.87 is similar to those reported experimentally by
Sorenson et al. and theoretically by Schröder-Turk et al.16

Intermediate structures are still poorly understood and notoriously difficult to assign (without
promoting alignment of the phase and/or using a high-resolution synchrotron X-ray source
for analysis). The additional prospect of thermally induced fluctuations within possible mesh
structures would complicate this picture even further. As with the lamellar phase, there is likely
a plethora of structural variations of each phase through various defects, meaning that our
lack of understanding is in the underlying topology. Unfortunately, this is not a simple problem
to investigate. While we have confidence in the cryo-SEM images produced in this work that
detail the lamellar phase microstructure, these images were produced in samples that were
frozen from their equilibrated state at room temperature. A methodology for reliably freezing
samples for cryo-SEM analysis directly from high temperatures has not been established,
and unless the samples are held at elevated temperatures for a significant time (days or
weeks) prior to freezing, the true thermodynamic equilibration state may not be revealed. Such
analysis was attempted in the experimental work undertaken for this thesis, with an example
shown in Figure 5.8; however, we cannot be confident in the validity of the results obtained.
Ideally, such intermediate structures should initially be investigated in systems that form such
phases at room temperature, and any electron microscopy investigations supplemented with
other techniques that probe the microstructure variations in the system, such as diffusion NMR
techniques.

Figure 5.8: Cryo-SEM images of 40 wt % K-AOT obtained by freezing a sample that had been
held at 80 �C for several days. We cannot be sure that our procedure was sufficiently reliable to
be confident that the sample is truly representative of the equilibrated state at 80 �C. However,
the image does show a sample frozen from an elevated temperature, and directional ordering
that would not be observed for the sponge phase is seen. Large holes within the structure may
indicate a mesh-like topography.

‡The naming convention for these structures is a current topic of debate.17,196,197
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From the SAXS data we are unable to unambiguously assign the elevated temperature region of
the phase diagram between the L3 and L¸ phases, at 52–58 wt % K-AOT. However, we do note
that bulk samples within this temperature region were observed to be isotropic. This implies
that the region is a VII phase, mixture of VII phases, or mixture of VII and L3 phases. POM
predominantly supports these observations; however, a few anisotropic regions were observed
to form at temperatures slightly lower than the expected transition temperature. Whatever the
transition between the L3 and L¸ phase, it is likely based on experimental data that various
intermediate structures mediate the change. The dynamics of the VII formation are slow, and
so the 30 min equilibration time included in the SAXS procedure prior to data collection was
likely insufficient for the true equilibration state to be reached. If the thermodynamically favoured
state is a VII phase, then it is likely a Ia3d space group. However, the limited thermal stability
of the phase likely means distortions in the idealised structure, and we note the presence of
broad scattering at q spacings immediately below the first-order Bragg peak of 55 wt % K-AOT
in the high temperature lamellar phase shown in Figure 5.6. This scattering shows the retention
of intermediate structures or significant disorder in the lamellar phase, akin to the disordered
mesh structures reported elsewhere.146,189,191

Potassium AOT Optical Microscopy

Figure 5.9 shows a series of POM images of the K-AOT system captured using the concentra-
tion gradient method, and reveals the formation of isotropic phases alongside a HII phase at
high surfactant concentration and a L¸ phase at low concentration. Given that the neighbouring
VII and L3 phases of the K-AOT system are both isotropic, distinguishing between them in the
images shown in Figure 5.9 (a) and (b) is difficult. However, while not obvious, the VII–L3 and
L3–L¸ phase boundaries can be differentiated using a quarter-wave plate and are marked with
arrows in Figure 5.9 (b) (see Appendix B for an enlarged image). The L3 and L¸ phases formed
by the system are extremely fluid and the penetration of water into the sample occurred at
a fast rate, causing interactions between the L¸ phase and bulk water phase that resulted in
rapid flow and breakdown of the structures formed. As such, only a few patterns characteristic
of lamellar behaviour can be observed in Figure 5.9 (b). Once the rate of water penetration
slowed, the lamellar phase of the system was observed to stabilise, forming the characteristic
lamellar patterns and myelin structures shown in Figure 5.9 (c) and (d).‡

POM textures of samples at fixed surfactant concentrations provide more information about
the lamellar phase of the K-AOT system, and the progression of the phase with increasing
concentration is shown in Figure 5.10. Large spherulites are formed at 10 wt % K-AOT,
indicative of MLV structures. At 15 wt % surfactant, the spherulite patterns remain, but the
POM texture is dominated by birefringent/white domains. This indicates the formation of on
average ordered domains, likely consisting of small densely packed FCD-IIs. At 20 and 25 wt %
K-AOT, the textures shown in Figure 5.10 reveal the coexistence of FCD-I and FCD-II defects.
At these concentrations, spherulite and oily streak patterns are discernible, with the streaks

‡A single image showing the full progression of phases was not able to be obtained once the lamellar phase
had stabilised, due to the expansion of the pattern beyond the microscope frame.
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Figure 5.9: Concentration gradient of the K-AOT system at ⇥40 magnification and ~25 �C
viewed under (a) crossed polarised light and (b) with the addition of a quarter-wave plate.
Arrows denote phase boundaries. Image (c) shows characteristic lamellar patterns and (d)
shows myelin structures.

appearing considerably smaller at the higher concentration. The coexistence of these patterns
is at considerably lower surfactant concentration than in any of the systems reported in the
previous chapters, showing that this system forms a bilayer with considerably greater negative
curvature than the previous systems.

At 30 wt % K-AOT, the texture shown in Figure 5.10 is remarkably different to the textures at
lower concentrations (and those shown in the previous chapters). This is because the observed
pattern formed rapidly under the microscope when the heating stage was stabilised at 25 �C.
The sample (which was initially isotropic upon preparation of the microscope slide) sits at
the edge of the L¸–L3 phase boundary, with respect to both temperature and concentration.
The large defect structures formed (which upon rotation of the sample stage were confirmed
to be almost exclusively FCD-I defects) are due to the rapid growth of the lamellar phase
in the confined area between the microscope slide and cover slip. The negative Gaussian
curvature of the defect structures formed is consistent with the phase growing from the L3

phase, which is also of predominantly negative Gaussian curvature. At 35 wt % K-AOT, the
phase is isotropic due to the disordered nature of the sponge phase. Upon heating, however,
the sample transitions to a lamellar phase, becoming anisotropic and eventually producing
characteristic textures composed of packed FCD-I defects. Figure 5.10 also shows a sample of
35 wt % K-AOT at 120 �C, and it should be noted that the blue colour of this texture is consistent
with the theory of Nallet et al. who propose that lamellar phases will appear blue in the region
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Figure 5.10: POM images of K-AOT with increasing concentration at ~25 �C (unless stated
otherwise). Samples between 10 and 35 wt % surfactant show the progression from the L¸ to
the L3 phase. Also shown are a sample of 35 wt % surfactant at elevated temperature and a
sample of 85 wt % surfactant. Scale bars are 100 —m.
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at which they undergo a change in birefringence.111 This means that for K-AOT the value of
» ⇡ kBT at this concentration (35 wt % surfactant) and temperature (120 �C), and the bilayers
of the K-AOT lamellar phase undergo significant fluctuations at very high temperatures.

Figure 5.11 illustrates the L3 to L¸ phase transition of a sample of 50 wt % K-AOT upon
heating. With increasing temperature, many separate nucleation sites were observed to appear
within the isotropic phase. Most of the sites produced patterns characteristic of defects,
which were confirmed upon rotation of the sample stage to be a mixture of s = +1/2 and
s = �1/2 disclination strengths. These sites were not fixed in position, and collisions resulted
in many annihilation reactions, which gave rise to three outcomes dependent upon the sign
and strength of the interacting defects. In some cases, the defect structures broke down and
lost their anisotropy. In other instances, the defects coalesced forming defects of different
signs (predominantly FCD-I defects of s = �1), or multiple defects sites coalesced to produce
small multiconnected domains. With increasing temperature, many of the domains broke down,
forming FCD-I defects. These FCD-I defects then relaxed upon further increases in temperature
into a polygonal array/mosaic structure composed of s = ±1 FCDs.

Figure 5.11: POM images of the L3–L¸ phase transition in a 35 wt % K-AOT sample with
increasing temperature.

The POM images of the K-AOT system show that this surfactant forms defects with nega-
tive Gaussian curvature at much lower concentrations than the Na-AOT, Na-butylAMA and
K-butylAMA systems reported in the previous chapters. The K-AOT bilayer clearly has a more
positive value of »̄ and the formation of a sponge phase in this system shows that »̄/» is
positive. It follows that the bilayer rigidity of the system is still low and of comparable magnitude
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to the thermal energy, kBT, but that the inherent curvature of the bilayer is altered through
the reduced hydration and tight binding of the K+ counterion to the sulfonate headgroup. The
greater negative curvature in the K-AOT system also explains the small shift in the stabilisation
of the lamellar phase to lower concentrations, as the micellar and MLV structures will be less
energetically favoured.

Potassium AOT Cryo-SEM

Cryo-SEM images of the K-AOT system are presented in Figures 5.12 and 5.13, showing
samples within the L¸ and L3 regions, respectively. The images of the K-AOT lamellar phase
are noticeably different to those observed in the systems described previously at low con-
centrations. This is due to the presence of defects with negative Gaussian curvature and is
consistent with the K-AOT POM images. Additionally, Figure 5.12 (a–c) show that despite there
being no evidence of phase separation in bulk samples, regions of concentrated lamellar phase
appear to coexist with highly swollen and disordered regions. This was initially attributed to
poor freezing or sublimation artefacts; however, this result was reproducible in samples within
a narrow K-AOT concentration range (~15–20 wt %), and was not observed in any of the other
systems studied.

The progression between concentrated and swollen structures can be seen in Figure 5.12 (c)
and it is evident that the swollen region also shows some lamellar ordering (note that the differ-
ence in spacings may appear more pronounced due to differences in depth of field). The SAXS
scattering profiles did not show coexisting L¸ phases; however, the more swollen/unbound
phase may be at extremely low q values (and so not observable). The coexistence of lamellar
phases with different swellings is a known phenomenon and has been reported to require weak
electrostatic repulsion or enhanced dispersion forces between the layers, and is compatible
with a pure electrostatic Poisson-Boltzmann theory.198 As such, the apparent lamellar–lamellar
coexistence may be due to the binding of the K+ ion, which would significantly shield elec-
trostatic repulsion when bound, but not if dissociated. If real, this result may be an indication
of large curvature frustration within the bilayer and is consistent with the POM images, which
show the presence of different regions comprised of defects with opposing signs of Gaussian
curvature. In Figure 5.12 (d–f), which show the L¸ phase at the higher concentration of 25 wt %
K-AOT, there is no evidence of two phases and rather than the distinct areas of swollen and
highly ordered bilayers observed previously, the L¸ phase is seen to be disordered and highly
connected, which is likely due to the proximity of the phase to the L¸–L3 phase boundary.

Figure 5.13 (a–c) show samples of 40 wt % K-AOT, which is within the L3 phase region.
The images are consistent with the assignment of a sponge phase, presenting an overlapping
3D-structure that is bicontinuous in nature. Both the surfactant and water domains are highly
connected and continuous, and the low magnification images show that domain boundaries are
not present. This is in contrast to the images presented previously in Figure 5.8, which show
a sample of the same concentration frozen from an elevated temperature. Figure 5.13 (a–c)
are also significantly different from the image shown in Figure 5.13 (d), which is the Na-AOT
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lamellar phase at a similar surfactant concentration. The overall trend in the K-AOT system
is increased negative interfacial curvature in comparison to the Na-AOT system. This can be
rationalised by the K+ ion resulting in increased electrostatic shielding and a reduction in the
effective steric bulk. The K-AOT system shows a gradual and continuous increase in curvature
with concentration, which is presumably due to the absence of any drastic changes in the
counterion environment.

Figure 5.12: Cryo-SEM images of the K-AOT samples of (a–c) 17 and (d–f) 25 wt % surfactant.
Yellow dotted line in the top left corner of (a) shows approximate boundary between swollen and
concentrated lamellar phases.
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Figure 5.13: Cryo-SEM images of (a–c) the K-AOT sponge phase formed at 40 wt % surfactant
and (d) an equivalent Na-AOT sample for comparison.

Lithium AOT: Experimental Results

Lithium AOT Phase Behaviour

The lithium ion is kosmotropic with a large hydration shell, and hence it is expected that Li+ will
not form a strong ion pair with the weakly hydrated sulfonate moiety within the headgroup of the
AOT anion. As such, the phase behaviour of the Li-AOT system should more closely resemble
that of Na-AOT than K-AOT (Na+ is also kosmotropic, whereas K+ is chaotropic). Additionally, if
the ions follow a logical trend rather than specific ion effects, the Na-AOT system is expected to
present behaviour intermediate to the Li-AOT and K-AOT systems. However, the Li-AOT phase
diagram shows that this is only partially true (see Figure 5.14).

At concentrations below ~56 wt % surfactant, the Li-AOT system is similar to that of Na-AOT,
forming a dilute L¸ phase rather than the L3 phase formed in the K-AOT system (at 25 �C).
However, Type II phases are observed at concentrations above 56 wt % Li-AOT, with two VII

phases (confirmed by SAXS) present at 56–77 wt % and a HII phase at higher surfactant
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Figure 5.14: Phase diagram of the Li-AOT system, showing the positions of the two-phase
(2P) region, and lamellar (L¸), inverse bicontinuous cubic (VII) and inverse hexagonal (HII)
phases. Note that the VII region is shown by SAXS to contain two space groups at different
concentrations.

concentrations. The L¸–VII transition occurs at a significantly lower concentration than in the
Na-AOT system, meaning that both Li+ and K+ ions result in increased curvature compared
with the Na+ ion. This implies that a simple trend is not followed and specific effects due to the
different ions are contributing to the phase behaviour.

Lithium AOT SAXS

SAXS profiles for the Li-AOT lamellar phase are shown in Figure 5.15. An obvious trend towards
more classical lamellar behaviour and increasing long-range order is evident with concentration;
however, the low electron density of the Li+ ion results in a weak scattering contribution. This
limits the information available, especially at lower concentrations where the assignment of the
2P–L¸ transition was inferred from bulk and POM observations rather than SAXS. It should be
noted that at higher concentrations, where lamellar Bragg peaks are evident, diffuse scattering
remains throughout the region. This can be seen in both the 1D and 2D data, with the 50 wt %
Li-AOT 2D profile showing it to be monodirectional.

The SAXS profiles at higher Li-AOT concentrations, consistent with the formation of VII and HII

phases, show more variation. At the highest Li-AOT concentrations shown in Figure 5.16, the
patterns show a sufficient number of sharp peaks at characteristic spacing ratios to assign a HII

phase (85 wt %), a VII/HII mixture (80 wt %) and a VII phase with a Pn3m space group (70 and
72.5 wt %) with confidence. At the lower concentrations shown (60 and 65 wt % surfactant),
only the first two peaks are sharp, while other peaks are either broad or weak. The two main
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Figure 5.15: SAXS profiles of the Li-AOT lamellar phase with increasing surfactant
concentration. Both 1D (left) and 2D (right) profiles are shown, obtained using line and point
collimation, respectively. Identifiable Bragg peaks are denoted with single and double asterisks.

Bragg peaks are not in the same spacing ratio as those observed at 70 wt % Li-AOT, and at
all studied concentrations between 58 and 65 wt %, the q values are consistently in the ratio
of

p
6:

p
8 and the weak reflections are consistent with higher order peaks belonging to an Ia3d

space group, except that the
p

14 reflection is noticeably absent (see Figure 5.17).

The progression from an Ia3d to a Pn3m space group would normally occur upon swelling,
and so this transition would be expected to occur in the opposite direction from that observed
in the Li-AOT system (the Ia3d space group would be expected at the higher surfactant
concentration). To the best of our knowledge, the observed phase progression has not been
reported in the literature. This presents two possibilities: either the indexing of the phase as an
Ia3d space group is incorrect, or the Li-AOT system facilitates abnormal phase behaviour.

Given that the Ia3d phase appears out of the expected sequence, is missing the
p

14 reflection,
and is primarily based upon only two strong signals, we cannot state with certainty that this
assignment is correct. However, we do believe that it is the most logical assignment. Given
that the sample is both isotropic and highly viscous, we can limit ourselves to considering 3D
ordered cubic structures. The position of the cubic phases at concentrations between the L¸

and HII phases implies that it is likely a bicontinuous structure rather than a cubic arrangement
of discrete inverse micelles. Of the three known bicontinuous cubic space groups to exist in
lyotropic systems, the data are only in good agreement with the Ia3d space group, as they fit
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Figure 5.16: SAXS profiles of the Li-AOT system, showing the formation of VII and HII phases.
Both 1D (left) and 2D (right) profiles are shown, obtained using line and point collimation,
respectively. The VII reflections are denoted with arrows and the HII reflections are marked
with dots. Two different cubic space groups are apparent.

neither the Pn3m nor Im3m space groups (the ratios of
p

2:
p

3 and
p

2:
p

4 do not index to the two
sharp peaks observed). It should be noted that the absence of the

p
14 reflection means that

the spacings also fit the characteristic ratio of a face-centred array (the Fm3m space group has
characteristic spacings of

p
3:

p
4:

p
8:

p
11:

p
12, which are equivalent to the

p
6:

p
8:

p
16:

p
22:

p
24

reflections of the Ia3d group). Cubic phases with this spacing have been reported; however,
these phases are discrete inverse micellar phases with highly negative interfacial curvature and
exist at concentrations above the HII phase,199–203 and thus are even more unlikely to exist in
the region in question than the Ia3d phase. We cannot completely rule out the possibility that the
phase is due to a space group or topological variant previously unreported in lyotropic systems;
however, given that all of the sampled concentrations within this region are consistent with an
Ia3d phase, we consider a gyroid structure to be the most likely candidate. We also note the
work of Schwarz and Gompper, which states that although other bicontinuous cubic minimal
surface types are known mathematically, they all require too large a deviation in Gaussian
curvature to be observed experimentally.204 While the combined freedoms of both the tail
region and the counterion in the Li-AOT system can be used to rationalise the formation of
the VII phase over the L¸ phase, we do not propose that this is sufficient to stabilise such
surfaces. Other possible minimal surface structures are expected to be energetically stable
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Figure 5.17: Plots showing the reciprocal d spacings vs.
p

(h2 + k2 + l2) for the cubic phases of
the Li-AOT system, where hkl are the assigned Miller indices. Correct assignment of the lattice
type and space groups is confirmed by the linearity of each plot and the intercept of the fitted
line at the origin. The lattice parameter for each graph is calculated as the reciprocal of the
gradient of each fit.

in some lyotropic systems,16 and in particular, chiral structures are known but yet to be fully
explored.205 However, our evidence strongly indicates an Ia3d structure.

The next question is whether we can rationalise the formation of the Ia3d VII phase and
its appearance at lower surfactant concentrations than the Pn3m space group. The L¸–Ia3d
transition is in itself unsurprising as this transition has been observed in three of the four
systems already discussed (in the K-AOT system the Ia3d phase forms from a L3 phase),
meaning that it is perhaps the Pn3m phase in the Li-AOT system (the first example of a
non-gyroid cubic structure in this work) that is unexpected. The calculated lattice parameters
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presented in Table 5.1 show that the Ia3d phase formed in the Li-AOT system is comparable
to that of the K-AOT system and those reported for other systems, while the value for the
Pn3m phase is also comparable with other systems.206,207 The calculated values of the water
channel radii in the Li-AOT VII phases (as a function of tail length) show a steady decrease with
increasing concentration, and thus a continual swelling upon dilution from the Pn3m to Ia3d
space groups. Although this is not the expected progression, a swollen gyroid structure has
been theorised previously.208 There are also several examples of surfactant systems in which
phases appear in the “incorrect order” with respect to their theorised or expected positions,
such as VII phases appearing at higher concentrations than the HII phase.134 One of the most
studied of these systems is that of monoolein, which presents VII phases on the dilute side of an
L¸ phase, and notably forms an Ia3d phase between the L¸ and Pn3m phases. The monoolein
system has received considerable attention because of its use in drug delivery and was the
subject of a recent review.44 The structure of the molecule itself is relatively simple, and so the
abnormal phase behaviour must be a result of the kinked tail and different packing environments
at different concentrations. Additionally, the L¸–Ia3d–Pn3m–HII progression has been reported
with increasing chain length in gemini surfactants‡ 209 and with increasing addition of lauric acid
and/or increased temperature in the dilauroyl phosphatidylcholine/water system.210 Although
these sequences are not a function of increasing concentration, they imply that changes within
the tail region of a surfactant can drive the formation of the space groups in this order.

Table 5.1: Structural parameters for the VII phases formed in the AOT and butylAMA systems.

Surfactant
Concentration

Space group
Lattice parameter Water channel radius§

(wt %) (Å) (Å)

Li-AOT 57.6 Ia3d 122.0 30.3 � l
60.0 Ia3d 106.4 26.3 � l
64.9 Ia3d 95.2 23.6 � l
70.0 Pn3m 54.6 21.1 � l
72.7 Pn3m 54.6 21.1 � l
75.0 Pn3m/HII 53.2 20.8 � l

K-AOT 60.0 Ia3d 95.2 23.6 � l
65.0 Ia3d 78.7 19.5 � l
70.0 Ia3d 77.5 19.2 � l
75.0 Ia3d/HII 77.5 19.2 � l

Na-AOT 78.1 Ia3d 69.1 17.1 � l
80.0 Ia3d 67.1 16.6 � l

Na-butylAMA 84.1 Ia3d 57.1 14.2 � l
84.6 Ia3d 56.8 14.1 � l
85.0 Ia3d/HII 56.8 14.1 � l

K-butylAMA 82.5 Ia3d 60.4 15.0 � l
85.0 Ia3d 59.2 14.7 � l

§We have not included values of l as changes to, or variation in, this parameter may facilitate the different
structures observed in the Li-AOT system. Such calculations also neglect the surfactant tail branching.

‡Gemini surfactants contain two hydrophilic headgroups each bearing a hydrophobic tail, linked together by a
spacer moiety.
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The Ia3d, Pn3m and Im3m space groups are all based on minimal surfaces with zero mean cur-
vature. As such, they are closely related in terms of both curvature and energy and it has been
shown theoretically that zero curvature can be maintained through transformations between
each of the phases facilitated only by bending transitions.23 The graph shown in Figure 5.18
(replicated from the work of Hyde14) shows the relative volume-to-area ratios required for each
of the ideal minimal surfaces, for surfactants of various shape parameters. It is expected that
as the concentration increases, dehydration of the headgroup results in an effective increase
in the tail volume and thus the progression towards an Ia3d structure (with the most negative
interfacial curvature). However, this assumes that there is not a significant change in geometric
shape with increasing concentration. If upon increasing surfactant concentration there is a
small increase in the shape parameter without a significant increase in the tail volume (a slight
adjustment in the volume-to-area ratio) then an Ia3d phase may give way to the Pn3m phase.
The Li+ ion has a large hydration shell and unfavourable interactions with the sulfonate group;
however, both of these factors will change significantly upon dehydration. We propose that a
change in the effective size of the counterion and the degree of binding will alter both the
headgroup area and tail configuration/interactions such that a small change in free energy
required to stabilise the Pn3m phase over the Ia3d is feasible.

Figure 5.18: The theoretical stability of different VII space groups as a function of chain volume
and shape parameter, redrawn from the work of Hyde.14

Shearman et al. produced a mathematical model that predicts the progression of cubic
phases sequentially in the order Im3m–Pn3m–Ia3d.208 To our knowledge this has so far
been universally observed experimentally (with the exception that all three phases are rarely
observed in a single system). Our results indicate that this may not be the case where one
component of the system, such as the counterion, has a high degree of freedom and can
dramatically alter the packing arrangement of the surfactant. The mathematical model assumes
ideal minimal surfaces and so considers the mean curvature to remain unchanged. It therefore
does not consider several major contributions to the free energy of the system that may
significantly alter this parameter upon changes in dilution. We have already shown that the
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intermolecular forces change significantly with dilution in the AOT systems, and we note the
broad SAXS peaks of the L¸ phase at the L¸–VII boundary in the Li-AOT system, which imply
that thermal undulations are a contributing factor (but are presumably not through the entire VII

region). In the absence of any other logical explanation for our experimental data, we tentatively
propose that the Li-AOT system may be the first system observed to disobey this model (or the
first example of the “re-entrant” swollen gyroid phase that was also proposed). However, more
experimental data are needed to definitively assign the space groups of the VII phases. Such
data should be obtained using samples equilibrated within sealed SAXS cells (avoiding the
shear induced during the loading of paste cells used in this work), and given the relatively weak
scattering of the lithium and AOT ions, may require the use of a synchrotron source.

Lithium AOT Optical Microscopy

Concentration gradient POM textures for the Li-AOT system are shown in Figure 5.19. The
phases are consistent with the SAXS profiles, with a HII phase formed at high surfactant con-
centrations, and isotropic (VII) and lamellar bands sequentially formed at lower concentrations.
Two further features are noteworthy. Firstly, a change in the optic sign of the birefringence is
evident and the quarter-wave plate image reveals that the swollen lamellar phase is formed at
dilute concentrations, thus the phase progression is similar to the Na-AOT system. However,
the second point of note is the relative size of the isotropic VII band. This band is large due
to the increased stability of the VII phase in comparison with the Na-AOT system, but there
is no evidence that it is composed of two bands (as would be expected from the two different
space groups observed via SAXS). This is presumably due to either the slow dynamics of the
formation of the VII phase or because the change between space groups is continuous upon
swelling.

Figure 5.19: Concentration gradient of the Li-AOT system at ⇥40 magnification and ~25 �C
viewed under (a) crossed polarised light and (b) with the addition of a quarter-wave plate.

POM images of the Li-AOT lamellar phase at room temperature with increasing concentration
are shown in Figure 5.20. Defects of positive Gaussian curvature dominate the images at
concentrations up to 35 wt % Li-AOT. As expected, this behaviour is more akin to the Na-AOT
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Figure 5.20: POM images of Li-AOT with increasing concentration at ~25 �C. Scale bars are
100 —m.
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system than the K-AOT system. At 25 and 35 wt % surfactant, large domains of anisotropy can
be observed, indicating the close packing of small defects within averagely ordered domains.
The large FCD-II defects present are generally observed to remain approximately spherical, but
are reduced in number and size with increasing surfactant concentration. At 40 wt % Li-AOT,
the birefringence is weak due to a change in the optic sign, indicating a move from swollen to
more classical lamellar behaviour. However, while the classical lamellar behaviour results in the
formation of oily streaks (with some FCD-II defects retained), the system noticeably does not
form mosaic patterns prior to the formation of a VII phase.

Lithium AOT Cryo-SEM

Given the similarity of the POM images of the Li-AOT system with those of similar concen-
trations of Na-AOT, it should be expected that the cryo-SEM images will also show the two
systems displaying similar behaviours. The Li-AOT and Na-AOT systems both form large FCD-II
defects, and have regions of anisotropy arising from defects at lengthscales below the resolution
of the optical microscope. The cryo-SEM images captured for a sample of 30 wt % Li-AOT,
shown in Figure 5.21, are consistent with these observations and are also similar to those
captured for Na-AOT at similar concentrations. Figure 5.21 (a) shows several FCD-II defects of
various sizes, with the large ~14 —m defect surrounded by several smaller and more distorted
domains. Figure 5.21 (b) shows the structure of the system at higher magnification and provides
views of a L¸ stack from different angles. At the bottom of the image the uneven surface can
be seen, in the middle of the image the highly connected layers are evident, and the top of the
image the angle of fracture or the gradual change in directional order show the phase to have
a more globular appearance (similar to the Na-AOT images), which indicates many pockets of
water caused by a disrupted bilayer structure.

Figure 5.21 (c) and (d) show further FCD-II defects and it is observed that “space filling”
defects are present at the interface between some larger domains. The images also show the
presence of pores through the surfactant surface and undulations in the structure. The images
presented in Figure 5.21 (e) and (f) further illustrate the points mentioned above. The stack of
lamellar layers in Figure 5.21 (e) are highly defective and in many respects do not resemble
a lamellar structure, but an aggregation of spherical particles. However, there is evidence of
long-range ordering to produce a stacked structure, and upon close inspection, the structure
does appear to be made of connected layers riddled with local scale defects that form isolated
pockets of water. Thus, the connectivity of the phase is like that of Na-AOT samples of similar
surfactant concentrations, which display severely restricted water diffusion. The region shown in
Figure 5.21 (f) actually overlaps with the region shown in Figure 5.21 (c), and shows the curved
layers of a FCD-II defect. It should be noted how as the layers of this defect curve towards the
left side of the image (changing from an angle perpendicular to the imaging angle to a parallel
angle) that a “top-down” rather than “side-on” view is obtained, again revealing the undulations
and connectivity between the layers. Compared with the layers perpendicular to the page, the
left side may appear more disordered; however, it is the same structural behaviour and thus
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Figure 5.21: Cryo-SEM images of a sample of 30 wt % Li-AOT. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

illustrates the need for careful consideration when assigning the microstructure from cryo-SEM
images.

Figure 5.22 shows cryo-SEM images obtained for a sample of 50 wt % Li-AOT. At this
concentration, the system presents two sharp SAXS peaks, characteristic of a classical L¸

phase, while the POM reveals that the main type of point defect is that of FCD-I defects aligned
in oily streaks, but that some FCD-II defects also persist. The POM results showed that the
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Figure 5.22: Cryo-SEM images of a sample of 50 wt % Li-AOT. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

Li-AOT system does not form mosaic textures, but undergoes a drastic change at ~56 wt %
to a viscous VII phase, formed via a small two-phase region of lower viscosity (due to the
unfavourable mixing of two phases of different solubilities). The images in Figure 5.22 are
consistent with the POM images, and the structure is observed to form domains of directional
order, as well as small groups of oily streaks, particularly at the boundaries between domains.
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Figure 5.22 (a) is a low magnification image and shows that there are ordered stacks of lamellar
bilayers in the Li-AOT system, but also that the domains are disrupted by various disordered
regions and defective structures. The slightly higher magnification image, Figure 5.22 (b),
shows what appears to be a relatively flat and ordered domain when viewed from above;
however, a fracture plane reveals a cross-section and the domain is seen to be punctured
by an array of disordered defects. Figure 5.22 (c) provides significantly more information about
the system as it simultaneously shows many different fracture planes, and different types of
defects. There are obvious regions of localised directional ordering; however, this is disrupted
by clusters of defects and different domains, and the direction of the local ordering is frequently
randomly altered due to series of edge defects.

The images in Figure 5.22 (d–f) were captured at slightly higher magnification, and so more
clearly resolve the surface topology, which is uneven due to some degree of bilayer undulation.
However, in general they show the same behaviour, which is that the sample forms randomly
orientated domains, bordered by grain boundaries composed of defects. Figure 5.22 (d) illus-
trates a small domain, which is surrounded by a range of defect structures and borders domains
of different orientations, with regions ordered both approximately parallel and perpendicular
to the central domain evident. While the phase does show ordered regions of relatively flat
bilayers, there are also regions of curvature (predominantly negative); however, this is in the
form of oily streaks or small clusters of distorted defects. They are not close-packed in mosaic-
like arrays as observed prior to the VII phase for the systems detailed in Chapters 3 and 4.
Instead, the defect structures of the phase, such as the pits observed in Figure 5.22 (e) and
the edge and screw dislocations in Figure 5.22 (f), are consistent with the defect structures
reported in the previous systems at comparable concentrations.

In general terms, the structure appears slightly more ordered than those observed at equivalent
surfactant concentrations in the Na-AOT and Na-butylAMA systems. However, bilayer connec-
tivity and some degree of undulation are still evident, and the structure in no way resembles that
of the Na-AOT, Na-butylAMA or K-butylAMA systems at similarly close proximity to their L¸–VII

phase boundaries. Some saddle-splay surfaces can be observed, particularly in Figure 5.22 (c)
and (e), but overall there is not a high degree of curvature evident. Areas of directional order
along a single director axis are evident and there is a relatively low number of point defects or
curved domains present. This suggests that the Li-AOT system undergoes a radical change
in curvature (and thus in the components of bilayer elasticity) at a certain d spacing. For the
interfacial curvature of the system to significantly change within a small concentration range
indicates that the molecule likely undergoes a structural reorganisation. Given that the previous
comparison of the Na-AOT and Na-butylAMA systems indicates the effective flexibility induced
by the AOT tail branches is limited to lower surfactant concentrations (where the Li-AOT and
Na-AOT systems are very similar), the most likely cause of a structural rearrangement at the
higher concentration of ~56 wt % is through a change in the counterion. This could be a change
in effective size due to the partial loss of its hydration shell and/or due to an increase in binding
affinity that results in decreased dissociation of the Li+ ion (and thus also results in changes
at the hydrophobic/hydrophilic interface arising from the altered geometric and intermolecular
force contributions).
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Potassium and Lithium AOT: Summary

In this chapter, two new phase diagrams have been produced for AOT surfactant systems,
which highlight the role of the counterion in phase stability. However, it should be noted that
these AOT lamellar phases are highly defective and there are still several open questions
regarding these systems. As such, these diagrams may at some point be altered to include
the identification of different intermediate structures or to conform to new naming conventions.
Surfactant systems lie at the boundary of physics, mathematics, chemistry and biology and
so are of wide interest. As such, they are investigated with a range of different techniques
and explained with different focuses. There exist many excellent theoretical studies of liquid
crystals, and the number of proposed lyotropic phases and space groups far exceeds the
number confirmed experimentally. One reason for this is that ideal structures do not truly
exist. The primary focus of this work was the investigation of the lamellar structure, which is
stabilised in AOT systems through the formation of many varied defect structures. With the
absence of any first-order phase transitions between the different lamellar morphologies, all
of these defective lamellar phases are designated with L¸ notation, but discussed in terms of
disorder and swelling. However, we note that other researchers occasionally choose to assign
the disordered swollen lamellar phase with a specific notation.

Lamellar variants, such as swollen lamellar phases, lamellar gels and disordered mesh phases
are all topologically different in their reported idealised forms. However, they all contain similar
structural defects, and given that a L¸ phase with no topological defects does not exist, how
many pores must a L¸ phase contain before its classification changes? At present, phases
are often differentiated by X-ray data; however, the fundamental spacings in these phases
produce the same main SAXS reflections. There is a need for experimental data that allow
visualisation of the sample topography, and thus permit different classifications and different
topological variants to be distinguished (rather than such classifications being dependent upon
whether the X-ray data are of high enough quality to show significant deviation from ideal L¸

scattering). Self-assembled structures are of fundamental importance and as new structural
morphologies/variations are realised (there are likely many to be found based on complicated
ordered interwoven domains or as a result of chirality16), studies such as this (which show the
topology of samples) become increasingly important. We have deliberately included a large
number of cryo-SEM images to truly show the sample topology at various lengthscales. These
data are lacking within the literature, where reports often do not include EM images or supply
only a few (likely carefully selected) images to confirm their assignments. It may be that the less
ideal images provide additional information that can help unlock the topological unknowns. We
have not been able to explain the phase behaviour of the Li-AOT and K-AOT systems in their
entirety, and unfortunately it is the viscous and isotropic phases (that POM does not reveal the
nature of) that we were unable to obtain reliable cryo-SEM images or temperature-based SAXS
studies for. However, the work in this chapter significantly adds to that of the previous chapters,
where we showed the AOT molecule to be highly flexible due to tail branching. This chapter
shows that this molecular flexibility can be enhanced or restricted by altering the counterion, as
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the counterion can be selected to either increase or decrease variation in electrostatic shielding,
hydration or steric bulk.

Li+ and K+ were selected for study as they lie either side of Na+ in the Hoffmeister series. If this
series was followed, then the phase behaviour of Na-AOT would sit between that of the other
two. This appears to be the case at concentrations below ~55 wt % surfactant. The Li-AOT
system forms large MLVs and a swollen lamellar phase with positive Gaussian curvature,
whereas the K-AOT system adopts more negative average interfacial curvature and favours
the formation of a L3 phase. However, above this concentration both K-AOT and Li-AOT form
structures requiring negative curvature (VII phases), while a L¸ structure persists in the Na-AOT
system. SAXS and POM data for the Li-AOT system imply a change occurs at a specific bilayer
spacing that promotes a L¸–Ia3d transition.

The phase behaviour of the K-AOT system can be rationalised relatively simply. The small
size of the hydrated ion and increased electrostatic shielding due to the high affinity for the
sulfonate headgroup result in the K+ ion forming phases with negative interfacial curvature. This
combination of steric and electronic effects increases the negative spontaneous curvature of
both monolayers that comprise the bilayer. The contribution of the monolayers to the magnitude
of »̄ becomes more positive and the curvature frustration associated with being in a bilayer
increases. Each monolayer has a greater need to curve away from the other and so in
comparison with previous systems the K-AOT bilayer has a greater energy cost associated
with the formation of bilayers. The highly defective lamellar structures observed in the Na-AOT
and Li-AOT systems are no longer sufficient to meet the energy cost in the K-AOT system. The
disordered L3 morphology now has the lower energy cost and so becomes the energetically
stable phase. As the surfactant concentration increases, the curvature becomes increasingly
negative and the system becomes more ordered, thus VII and HII phases are formed.

The behaviours of K+ and Li+ ions in water are in stark contrast. The kosmotropic Li+ ion
has an affinity for water and its full hydration sphere (Stokes radius) is ~6.4 times larger
than its ionic radius. The maximum hydration radius of K+ is only ~2.5 times larger than its
ionic radius (and the difference is generally further enhanced as the ion is chaotropic and
readily loses its outer hydration sphere). The hydration of the Li+ ion is poorly matched with
the AOT sulfonate group and so the ion will bind weakly and is more likely to dissociate.
When dissociated, Li+ will not restrict the surfactant tail configuration and will provide poor
shielding of electrostatic forces. When weakly bound (but hydrated) it will also provide large
steric bulk to the surfactant headgroup. However, the Li+ ion will not remain fully hydrated
and weakly bound at all surfactant concentrations. As the ion becomes more dehydrated with
increasing concentration, it drastically changes in effective size and will bind more efficiently
to the AOT anion. At high concentration, the Li+ ion likely provides the smallest steric bulk
of the three counterions considered in this part of the thesis, in dramatic contrast to its
behaviour at dilute concentrations. This large difference may explain the behaviour of the
Li-AOT system at concentrations between these extremes. Whereas the K+ will remain tightly
bound to the AOT headgroup at nearly all concentrations and will only change in size (due to
dehydration) gradually and continuously, the Li+ ion has a large degree of freedom and will
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display different behaviours dependent upon concentration. The variation in steric contributions
(to the headgroup and to the tail configuration) and the van der Waals/electrostatic contributions
result in the Li-AOT phase behaviour being harder to predict. This is due to the variation
in the values of » and »̄, which alter the bilayer flexibility and drive the formation of non-
lamellar phases at some concentrations. The sudden L¸–VII transition may be a result of
enforced counterion binding and loss of freedom upon dehydration, or conversely a result
of continued freedom allowing the ion to exist in different hydration states and bind non-
homogeneously along the bilayer (and thus stabilise a curved morphology). Our results show
that the molecular flexibility of the AOT molecule is heavily dependent upon the counterion
used, which is represented schematically in Figures 5.23 and 5.24.
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Ammonium Counterions

The motivation to extend the types of counterions investigated beyond the alkali metal cations to
ammonium and quaternary ammonium ions stemmed from several places. Firstly, quaternary
ammonium cations are already frequently used, and their role well understood, in surfactant
science. They are the most common type of cationic surfactant, although they are rarely used
as counterions. Moving from alkali metals to NH +

4 , and then larger molecules, also allowed us
to continue the trend from the previous section of investigating the role of increasing steric bulk
and electrostatic shielding of the counterion. Furthermore, ammonium ions present different
degrees of hydration to the alkali metal ions, particularly due to the selection of molecules with
the addition of hydroxyl groups and a carbonyl group in addition to the nitrogen-based cation.

The three ions selected – ammonium (NH +
4 ), choline (Ch+) and acetylcholine (AcCh+) – all

present the possibility of hydrogen bonding due to N–H bonds, a hydroxyl group or a carbonyl
group. The use of NH +

4 allows a direct comparison to the alkali metal systems as its reported
hydrated ionic radius is the same as that of K+.211

Surfactants with quaternary ammonium cations have also been employed in two recent works
that each suggest their potential use in promising fields of surfactant chemistry. Klein et al.
recently used choline as a replacement counterion for sodium in the SDS system.60 This
produced promising results in terms of solubility and toxicity, sparking the possibility of new
“green surfactants” utilising quaternary ammonium ions that are known from biological uses to
have low toxicity. However, this work was not extended to two-tailed systems such as AOT. Also,
in a recent study Brown et al. reported the formation of several surfactant systems combining
sulfonate anions (including AOT) with various tetraalkylammonium (TAA) cations, and asserted
that such systems could be “super efficient” hydrocarbon amphiphiles.212 The systems were
reported to have low surface tensions, equivalent if not superior to fluorocarbon analogues,
and have the obvious benefit of being cheaper and safer alternatives to hazardous fluorinated
surfactants. These systems were also reported to display lyotropic liquid crystal behaviour at
room temperature upon the addition of water (in the form of optical microscopy concentration
gradients), although this behaviour was not studied further in the form of phase diagrams.

Alongside any potential use in “green” chemistry applications, the three ions studied in this
section were chosen due to their biological relevance. All three are known to have important
roles in human biology, and both choline and acetylcholine are key components of important
phospholipids. The additional functionalities in these two cations also introduces greater
physiological degradability213 as compared with other quaternary ammonium ions, such as
the TAA series investigated by Brown.212
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Ammonium Aerosol OT

Ammonium AOT: Introduction

The ammonium ion is of biological importance; however, a full discussion of its various roles is
far beyond the scope of this work. A detailed review on the topic of metabolism of ammonium
in the human body has been produced by Adeva et al.214 Although often referred to as a waste
product, due to the removal of ammonium ions being an important step in the urea cycle, NH +

4

ions are continuously being produced and consumed during cell metabolism. A source of free
ammonium ions in the human body is vital for the synthesis of nitrogen-containing compounds
such as amino acids. Ammonium is thought to be transported around the body by the same
channels as K+ ions, due to their similar size. The ability of the human body to differentiate
between Na+, K+ and NH +

4 is of fundamental importance to many cellular functions.215

Of the few publications containing NH4-AOT (a recent literature survey‡ produced just 11 journal
publications), only the work by Brown et al.212 alludes to any liquid crystal behaviour and only
two others provide any information of direct relevance to the work reported here. One of these
studies showed differing water dynamics in reverse micellar samples of AOT/isooctane/water
systems with NH +

4 and Na+ counterions.56 It was reported that water molecules in the former
system were significantly more dynamic than those in the latter. Chakraborty et al. calculated
CMC values showing a decreasing trend in the order NH +

4 > Na+ > Li+ > K+. The abnormal
position of K-AOT was reasoned to be due to the formation of strong ion pairs.183

‡Literature search conducted October 2016.
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Ammonium AOT: Experimental Results

Ammonium AOT Phase Behaviour

A phase diagram for the NH4-AOT system is shown in Figure 6.1. At room temperature a two-
phase region presents below 20 wt % surfactant and a L¸ phase then extends from 20 to
72 wt %. A VII phase then exists up to 83 wt %, and a HII phase at all concentrations above
this. The system presents one temperature-dependent transition between lyotropic phases.
Samples at the more dilute end of the VII phase (72–78 wt %) form a L¸ phase at ~90 �C.

Figure 6.1: Phase diagram of NH4-AOT, showing a two-phase region and lamellar, inverse
bicontinuous cubic and inverse hexagonal phases.

The reported behaviour of the VII phase at high temperature is clearly anomalous. The
melting transition from the VII phase is discontinuous and samples at a concentration of
~77.5 wt % were observed to form lamellar defects at lower temperatures than samples of lower
NH4-AOT concentrations, while those at higher concentration formed an isotropic solution.
This behaviour was reproducible upon an increase in temperature for bulk and POM samples.
However, samples showed hysteresis upon cooling due to the kinetically slow formation of cubic
phases.216 It is likely that the slow kinetics involved in the formation of cubic phases is the
cause for the peculiar (and likely non-equilibrium) behaviour observed in the phase diagram.
Cubic samples at lower surfactant concentrations, that form a lamellar phase upon heating,
likely have a VII–VII transition within the cubic region or form kinetically hindered intermediate
structures, while those at higher concentrations do not. Samples at intermediate concentrations
(~77.5 wt %) would likely be composed of a mixture of the two VII phases, and so have different
stability and kinetic behaviour upon heating. However, evidence for phase transitions within this
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region was not found via any method utilised here, although this was likely due to POM being
insufficient to distinguish between two isotropic phases and equipment limitations preventing
SAXS analysis of viscous phases at high temperatures.

Although the phase diagram indicates that the lamellar phase is stable up to temperatures
as high as 150 �C, bulk samples were observed to discolour at temperatures over 120 �C,
developing a yellow or orange hue. This discolouration was not phase-dependent and was
retained upon cooling. This is an indication that the surfactant could be prone to temperature-
induced degradation, possibly as a result of NH +

4 being slightly acidic. As such, the system
is possibly not suitable for applications requiring high temperatures. Despite the observed
discolouration of the sample, neither SAXS profiles nor POM images noticeably changed after
sealed samples were kept at high temperatures for one week. A 1H NMR spectrum obtained
from a sample dried under vacuum after discolouration had occurred did not indicate any
detectable changes to the molecule itself.

Literature values for the ionic radii of K+ and NH +
4 are similar, and even identical in the case of

the hydrated ion.180 As such, it would be expected that with no additional changes, these two
systems would produce very similar phase diagrams. However, it is clear upon comparison of
the phase diagrams (shown in Figure 6.2 along with that of Na-AOT) that this is not the case.

Figure 6.2: Phase diagrams of K-AOT, Na-AOT and NH4-AOT.

Comparison of the Na-AOT, K-AOT and NH4-AOT phase diagrams indicates that the behaviour
of the NH4-AOT system is closer to that of Na-AOT than K-AOT. The NH4-AOT system does
not present a sponge phase, and the cubic and hexagonal phase boundaries are not extended
to lower concentrations to the same extent as in the K-AOT system. At 25 �C, the only obvious
differences between the Na-AOT and NH4-AOT systems are small changes in the positioning of
the L¸ phase boundaries. Additionally, samples in the two-phase region at low concentrations
of NH4-AOT show clear phase separation and the phase extends to 20 wt %, which is not
the case for Na-AOT. However, it should also be noted that if left for several months, some
of the prepared Na-AOT samples near the two-phase/lamellar boundary also exhibited phase
separation. The NH4-AOT system also presents a cubic phase over a larger concentration
range, extending from 72 to 84 wt % surfactant, in comparison to 78–82 wt % for the Na-AOT
system, an indication that the bilayer of the NH4-AOT has more inherent curvature.
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At high temperatures, the NH4-AOT phase diagram is even more akin to that of Na-AOT, due
to the presence of a VII–L¸ transition for some concentrations of NH4-AOT. The presence of
a similar transition in the K-AOT system, alongside the stabilisation of the L¸ phase over the
L3 phase with increasing temperature, means that all three systems show similar behaviours
above 85–90 �C (notwithstanding the slight difference in melting temperature). The similarities
of the phases at high temperature show that the forces stabilising the high temperature phases
are less affected by the different counterions. The stabilisation of the L¸ phases indicates that
the bilayer curvature decreases upon heating. This is likely due to an increase in the ordering
of the headgroups as a result of stronger electrostatic interactions upon dehydration of the
headgroup and counterion, meaning that the counterion is less tightly bound to the sulfonate
group of AOT217 and consequently has less influence in the self-assembly.

Ammonium AOT SAXS

The assignment of each phase was confirmed using SAXS, which produced results in good
agreement with visual and microscopic observations. Figure 6.3 shows SAXS profiles obtained
at concentration intervals of 5 wt % NH4-AOT. The profiles are not significantly different in
character from those observed in the alkali metal systems discussed previously.

The only sharp and assignable peak in the lower concentration region is the first-order Bragg
reflection. Higher order Bragg peaks are masked by broad, diffuse scattering. With increasing
concentration, the first-order peak is observed to start to diminish at 30 wt % and is absent at
40 wt % surfactant. At concentrations of 45 wt % and above, two sharp Bragg peaks are visible
in a q spacing ratio of 1:2, which become sharper and increase in intensity with increasing
concentration. A third Bragg peak is visible at some concentrations, but is primarily masked by
diffuse scatter. With increasing concentration, the Bragg peaks are shifted to higher q spacings
due to the reduction of the bilayer repeat distance. Similarly, peaks were observed to sharpen
and were shifted to slightly higher q spacings with increases in temperature. This indicates a
small increase in order upon heating, likely due to dehydration of the bilayer and counterion,
and the subsequent changes to the headgroup conformation (increased headgroup repulsion
along the bilayer makes it more rigid and less prone to curvature and undulations). However,
increased motion of the hydrocarbon tails and the effective change in volume could also be
contributing factors.

At 75 wt % NH4-AOT, eight peaks are prominent in the spacing ratio of
p

6:
p

8:
p

14:
p

16:
p

20:
p

22:
p

24:
p

26, representing Ia3d cubic symmetry. Despite the bicontinuous cubic phase span-
ning a concentration range of ~12 wt %, no other space groups were observed. The well
resolved peaks in Figure 6.3 clearly indicate that this is the case for samples at 25 �C;
however, the discontinuity in the VII melting transition upon increasing concentration (from POM
observations) implies that different space groups, or intermediate phases, are formed at higher
temperatures. Unfortunately, the high viscosity of the VII samples necessitated the use of a
paste cell for SAXS analysis, which did not provide sufficient sealing at high temperatures, and
so changes in sample composition upon heating made the elucidation of different structures
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Figure 6.3: SAXS profiles of the NH4-AOT system with increasing surfactant concentration.
Bragg peaks due to the L¸ phase are evident up to 70 wt % NH4-AOT (asterisks). A VII phase
is observed at 75 and 80 wt % (arrows), a mixture of VII and HII phases at 85 wt % and finally
a pure HII phase exists up to 100 wt % NH4-AOT (dots). Inset shows peak assignment of Ia3d
space group at 75 wt %.
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impossible. Attempts were made to load the less viscous, high temperature lamellar phase into
a flow cell. However, these attempts were unsuccessful, in part due to the proximity of the
transition region to the recommended temperature limit of the cell. If cubic phases of an Ia3d
space group form another cubic phase upon heating, then the logical progression would imply
that the phase formed would have a Pn3m space group and would form upon swelling of the
Ia3d phase.14 Samples of higher concentrations may not form this phase due to an insufficient
number of water molecules.

Moving from the cubic to hexagonal phase, the reflections of the cubic phase give way to three
Bragg peaks in the ratio 1:

p
3:

p
4. At 85 wt %, in proximity to the VII–HII phase boundary, the

system primarily displays hexagonal order, but also retains some low intensity peaks of the
cubic phase (as evidenced by Figure 6.4). The gradual change in peak intensity shows the
epitaxial relationship between the two phases and the growth of the hexagonal columns along
the [111] plane of the cubic structure, as described elsewhere.177,218 Comparison of the profiles
in the two phases indicates that the cubic reflections arising due to the [211], [420] and [431]
planes gradually give way to the [100], [110] and [200] reflections of the hexagonal phase.

Figure 6.4: Plots showing the reciprocal d spacings vs.
p

(h2 + k2 + l2) for the cubic phases
of the NH4-AOT system, where hkl are the assigned Miller indices. Correct assignment of the
lattice type and space groups is confirmed by the linearity of each plot and the intercept of the
fitted line at the origin. The lattice parameter for each graph is calculated as the reciprocal of
the gradient of each fit.
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Ammonium AOT Optical Microscopy

Polarising optical microscopy images of the NH4-AOT system are shown in Figure 6.5. The
overall trend is recognisable as being the same as that observed for both the Na-AOT and
K-butylAMA systems, with a gradual change from large focal conic onion defects to oily streaks
of differing Gaussian curvature, and then mosaic-like textures due to close-packing of streaks.

At concentrations below 10 wt %, the textures are predominantly isotropic with a few areas
exhibiting anisotropy, but few singular defect points are discernible.‡ With increasing concen-
tration, the appearance of FCD-II defects of varying size is evident. These defects increase in
number and become less isolated. Above 25 wt % they are significantly larger and reduced
in number. At these concentrations the gradual appearance of oily streaks is also evident
alongside the FCD-II defects. The oily streaks then start to prevail and the loss of birefringence
seen in the previous systems is observed, although areas of each of the previous behaviours
can be seen. Once positive birefringence is observed above 50 wt %, only oily streaks are
present. These streaks become shorter, and obvious nodes at the junctions of the streaks and
the FCD-I defects that form them are seen. The streaks eventually give way to mosaic textures
of tightly packed and distorted defects, as seen for the high concentration lamellar regions of
all of the previous systems (excluding Li-AOT). At this point the curvature of the system has
inverted and there are no longer any large isotropic domains due to ordered sheets of lamellae.

At concentrations between 72 and 83 wt %, the textures appear black due to the isotropic nature
of the pure bicontinuous phase. At higher concentrations, the textures are brightly coloured and
exhibit the fan-like pattern of the hexagonal phase. Variations in colour are due to the thickness
of the sample. The variation in domain sizes and the non-uniform alignment in the phase are
due to the simultaneous growth of multiple nucleation points. Focal conic surfaces are formed
to achieve minimal strain. Distinct lines between domains are due to the changing curvature
around line disclinations of s = ±1/2. The degree of orientation in each texture varies greatly,
but is defined by the formation of the phase on the slide rather than a changing property of the
hexagonal phase. Due to the stability of the phase once formed, shear-induced structures are
retained and so no information is obtained about how the defects in this system change with
concentration.

As would be expected from the reported phase diagrams, comparison of POM images of the
NH4-AOT system with those previously reported for the Na-AOT and K-AOT systems reveals
the defect behaviour of the NH4-AOT lamellar phase to much more closely resemble that of
the sodium system. Although these two systems follow the same general trends, there are
several differences, primarily at lower surfactant concentrations. The FCD-II defects observed
in NH4-AOT are predominantly larger in size and less distorted than those observed in Na-AOT.
There appears to be significantly more FCD-II defects in the NH4-AOT system, although this is
due to their larger size. The smaller Na-AOT defects are below the limit of the optical resolution
of the microscope used and so are not as well resolved. The change in birefringence and

‡POM image of 5 wt % NH4-AOT can be found in Appendix C.
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Figure 6.5: POM images of NH4-AOT with increasing concentration at ~25 �C. FCD-II defects
of varying sizes dominate the L¸ phase at low concentrations, gradually giving way to streaky
textures composed of FCD-I defects, then mosaic patterns due to densely packed defects with
high degrees of curvature. The isotropic and coloured fan textures represent VII and HII phases,
respectively. Scale bars are 100 —m. Additional images are available in Appendix C.
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emergence of oily streaks occur at higher surfactant concentrations in the NH4-AOT system.
This can be attributed to small differences in the bilayer spacings of the two systems. The
more tightly bound NH +

4 counterion will result in more efficient shielding of the charge on the
sulfonate group, resulting in a reduction in electrostatic repulsion between headgroups. This will
allow greater lateral movement of the headgroups in the NH4-AOT system, and so will result in
reduced bilayer rigidity and increased out-of-plane fluctuations, and so a larger contribution of
Helfrich forces. These differences can be visualised by comparing textures of 43 wt % NH4-AOT
and 50 wt % Na-AOT, which are shown in Figure 6.6 and appear equivalent. These samples
both show POM images characteristic of samples of low viscosity, with the textures dominated
by features of flow. This decrease in viscosity indicates a defect-rich microstructure, where flow
is promoted due to a sponge-like topology, and has been measured using rheology, which is
discussed further in Appendix E.

Figure 6.6: Comparison of the POM textures of NH4-AOT at 43 wt % (left) and Na-AOT at
50 wt % (right) at ~25 �C. Scale bars are 100 —m.

The defects observed in the K-AOT lamellar phase are significantly different from those of both
Na-AOT and NH4-AOT. Defects with on average negative Gaussian curvature appear at much
lower surfactant concentrations. FCD-I and FCD-II defects coexist at surfactant concentrations
as low as 20 wt % and oily streaks dominate at 30 wt % facilitating the formation of a sponge
phase. In the NH4-AOT system, oily streaks prevail from 50 wt %.

Ammonium AOT Cryo-SEM

Cryo-SEM images, taken at a range of NH4-AOT concentrations, provide information about the
local curvature of the system. This complements the POM investigation that revealed the nature
of point defects and how they change with concentration. Figures 6.7–6.11, captured between
15 and 70 wt % NH4-AOT, show a deviation from classic lamellar behaviour on sub-micrometre
lengthscales with significant sponge-like characteristics observed at some concentrations.

Figure 6.7 shows cryo-SEM images at 15 wt % NH4-AOT with a POM image of this con-
centration inset. This is within the two-phase region, and the POM image shows MLVs of
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approximately equal size. The cryo-SEM images are consistent with the POM, and reveal that
these MLVs range between 0.2 and 5.0 —m. Between MLVs, a disordered surfactant phase is
punctuated by a large water network comprised of channels of up to 0.5 —m.

Figure 6.7: Cryo-SEM images of a sample of 15 wt % NH4-AOT. The area highlighted in yellow
shows a region consisting primarily of disordered surfactant phase, which is surrounded by
MLVs (highlighted in red). The inset shows the corresponding POM image, with a scale bar of
50 —m.

At 25 wt % NH4-AOT (see Figure 6.8), the two coexisting phases have been replaced by one
continuous lamellar phase. Large water channels are no longer observed and low magnification
images show lamellar regions with localised average orientational order, but clear phase bound-
aries are not observed. FCD-II defects are observed but are reduced in number compared with
the vesicles of the two-phase region. Despite classification as a L¸ phase, it is clear from the
images that the phase is disordered, with high degrees of connectivity between both the bilayer
and water networks. Although captured at the same magnification, Figure 6.8 (c) and (d) show
differing amounts of disorder. In the former the average directional order is clear (as marked
by the red arrow), whilst the latter is more disordered with a close resemblance to the sponge
phase observed in the K-AOT system.

The local-scale connectivity is retained at 50 wt % NH4-AOT, and is observable in the higher
magnification images displayed in Figure 6.9. Although we have previously described the
Na-AOT lamellar phase as displaying L3-like characteristics, this behaviour is more pronounced
in the NH4-AOT system, and is a sign of increased elasticity. Despite this difference at smaller
lengthscales, lower magnification images show the NH4-AOT system contains point defects
comparable to those observed at similar concentrations in the Na-AOT system. This is expected
as the two systems have similar POM textures. Figure 6.9 reveals both oily streaks and
individual focal conic defects up to 3 —m in size. The oily streaks are not closely packed and
appear to be randomly orientated.

Figure 6.10 shows cryo-SEM images of 60 wt % NH4-AOT. Of all the concentrations studied,
this appears the most ordered. It has the largest domains of ordered bilayers, which display
clear 2D translational order. At this concentration large FCD-II defects are no longer present,
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Figure 6.8: Cryo-SEM images of a sample of 25 wt % NH4-AOT. Red arrows indicate localised
average orientational order. The inset shows the corresponding POM image, with a scale bar
of 50 —m.

but some oily streaks were observed. Despite samples at this concentration appearing the most
ordered, bilayer undulations can still be observed from views both perpendicular and parallel
to the bilayer. For the lamellar phase to transition from positive to negative Gaussian curvature
with increasing concentration, it must transition through a state with on average zero Gaussian
curvature. This accounts for the reduction in the number of defects observed; however, the
undulations imply that the bilayer still has inherent elasticity governed by the electrostatic
interactions, which differ between the systems studied. This implies a relatively low bending
rigidity modulus (») and a relative increase in the thermal energy contribution to the NH4-AOT
system, which supports our earlier statement regarding Figure 6.6.

At 70 wt % NH4-AOT, the images show dense arrays of close-packed point defects and oily
streaks. Figure 6.11 shows a clear increase in curvature in comparison to samples of 60 wt %.
Despite the high concentration and resulting decrease in the bilayer repeat distance, bilayer
undulation and significant amounts of connectivity between layers and domains is evident. This
concentration is in close proximity to the L¸–VII phase boundary, which may explain the sharp
grain boundaries separating domains, and also the high degree of curvature.
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Figure 6.9: Cryo-SEM images of a sample of 50 wt % NH4-AOT. Straight red lines indicate
isolated oily streaks. Red circles indicate FCDs. The inset shows the corresponding POM
image, with a scale bar of 50 —m.

Figure 6.10: Cryo-SEM images of a sample of 60 wt % NH4-AOT. Red arrow indicates
directional order. The inset shows the corresponding POM image, with a scale bar of 50 —m.

192



Ammonium AOT: Discussion

Figure 6.11: Cryo-SEM images of a sample of 70 wt % NH4-AOT. Red lines indicate sharp
domain boundaries. The inset shows the corresponding POM image, with a scale bar of 50 —m.

In comparison to the systems discussed previously, cryo-SEM images for all concentrations of
the NH4-AOT lamellar phase show an overall increase in bilayer undulation and an increase
in local connectivity between bilayers. The only exception is the K-AOT system, which forms a
sponge phase. This indicates an overall increase in the elasticity of the NH4-AOT bilayer, both
in terms of an alteration to the electrostatic contribution to the Gaussian curvature modulus (»̄)
and a decrease in the bending rigidity modulus (»). This suggests that the steric repulsion and
shielding effects of the NH +

4 ion lies between that of the Na+ and K+ ions.

Ammonium AOT: Discussion

It was anticipated that the phase behaviour of NH4-AOT would mirror that of the K-AOT
system. In terms of steric bulk, literature values give comparable ionic radii for the two ions,
in both non-hydrated and hydrated forms (1.33 and 3.31 Å for K+ and 1.48 and 3.31 Å for
NH +

4 , respectively).180 Along with their size, several other specific ion properties are also well
matched between the two ions (see Table 6.1 for a comparison with other alkali metals).

The ion mobility and Jones-Dole viscosity coefficient values for NH +
4 and K+ in aqueous

solution are nearly identical. These are measures of the interactions between the ions and
water, and the similar values indicate the ions are similar in size and have similar capability
to stabilise or destabilise water structure. The negative Jones-Dole viscosity coefficients of K+

and NH +
4 indicate that they can both be considered to be chaotropes, whereas Li+ and Na+

have positive values and are kosmotropes. The fact that Na+ and K+ lie on either side of the
chaotropic/kosmotropic divide is considered important in biology, as this is thought to facilitate
their differing roles in cellular functions.215 According to Collins’ law of matching water affinities,
chaotropic ions will form closer ion pairs with the soft sulfonate headgroup of AOT, and so NH +

4

and K+ will have significantly higher affinities for the headgroup than Li+ or Na+, which are
smaller ions with higher charge density and greater hydration.

193



Chapter 6

Table 6.1: Specific ion parameters for the ammonium ion and alkali metal ions.

Ion
Ionic Hydrated �Hhydr ��a —i ion

B
¸0

radius (Å) radius (Å) (kJ mol-1) (mN L m-1 mol-1) (cm2 V-1 s-1 ⇥ 104) (Å3)

Li+ 0.60 3.82 �519 �531 1.63 4.01 0.147 0.028
Na+ 0.95 3.58 �409 �416 1.64 5.19 0.086 0.131
K+ 1.33 3.31 �322 �334 1.40 7.62 �0.007 0.795

Rb+ 1.48 3.29 �293 �308 1.56 7.92 �0.029 1.348
Cs+ 1.69 3.29 �264 �283 1.56 7.96 �0.045 2.354

NH +
4 1.48 3.31 �307 �329 1.39 7.60 �0.007 1.278

Note: Shown are the ionic radius, 180 hydrated radius, 180 hydration enthalpy (�Hhydr), 211,219 surface tension increment
(��a), 219 ion mobility (—i), 220 Jones-Dole viscosity coefficient (B), 49 and static polarisability (¸0). 221 Ionic and hydrated
radii have been calculated and measured using a variety of experimental methods, which have often yielded differing values,
and so those quoted here may differ from other publications. The radii values listed are all taken from one source and were
calculated using the same technique, allowing comparison between ions.

Despite the similarities, there are two notable differences between K+ and NH +
4 ions. Firstly,

NH +
4 has a slightly higher hydration enthalpy (�307 kJ mol-1 vs. �322 kJ mol-1) and secondly,

NH +
4 has been reported to have a significantly lower dissociation constant.220 Both of these

properties indicate that of the two ions, it is the ammonium ion that should have the stronger
binding affinity to the sulfonate headgroup of AOT. As such, it should form a closer ion pair
with the sulfonate group, due to the soft-soft interactions that arise from their more similarly
matched hydration enthalpies. In addition to this, when compared to the small hard sphere of
K+, the tetrahedral arrangement of NH +

4 gives the ion greater polarisability222 and its lower
charge density means it is considered softer than any of the alkali metals in terms of Collins’
water affinities.223

Given that many of the specific ion properties of NH +
4 and K+ are well matched, and those

that do differ indicate that the NH +
4 ion should form a closer ion pair with the AOT headgroup

than any of the alkali metal ions investigated, it was an unexpected result that the NH4-AOT
system more closely resembles the Na-AOT system. The NH +

4 ion should form the closest
ion pair with the AOT headgroup, and have the smaller effective headgroup size and greater
shielding, meaning that it would be expected to stabilise more highly curved interfaces, such
as the sponge phase. From our experimental evidence this is not the case, and so we must
consider what factors would reduce the interfacial curvature of the bilayer.

Our first consideration is whether or not the assumption that NH +
4 and K+ are equivalent in

size is valid. The quoted literature values for the hydrated ionic radii are based on calculations
of the average hydration of ions in salt solutions. These values are subject to slight changes
with different methods of measurement. The assumption that the values for an aqueous salt
solution will hold true in a surfactant solution is also overly simplistic, as it ignores any external
factors arising from the presence of the surfactant bilayer itself, and incorrectly assumes that
the ions will be fully hydrated. Both NH +

4 and K+ are chaotropic and so have weakly bound
outer hydration shells that are readily lost.
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Collins’ paper on “sticky ions in biological systems” discusses the selective affinity of K+ over
Na+ for binding to non-polar surfaces in biological systems. It is rationalised that increased
binding affinity requires the partial dehydration of the ion, and that this process is facilitated by
the ability of the K+ ion to exist in this state. Similarly, molecular simulations have revealed that
the NH +

4 ion is extremely labile due to its ability to offer several species with varying degrees of
hydration.224 This is attributed to the NH +

4 ion having a tightly bound inner solvation shell, but
a weakly bound external shell that changes depending on the environment.

If the K+ ion were to exist in a more dehydrated form than the NH +
4 ion, then it could result in

increased counterion affinity for the AOT headgroup. This would result in reduced steric bulk
and increased electrostatic shielding contributions, resulting in increased interfacial curvature.
However, given that the hydration energies of NH +

4 and K+ are well matched, and their Jones-
Dole coefficients are the same, it is unlikely that either ion would lose significantly more of its
hydration waters than the other to cause the observed change in phase behaviour. The two
ions likely have similar hydration structures, as shown in molecular dynamic simulations.225

As such, we conclude that the ions can be assumed to be of equivalent size, meaning that
the differences in phase behaviour must arise due to a different factor, which is most likely the
ability of NH +

4 to hydrogen bond.

Unlike alkali metal counterions, NH +
4 can interact with the surfactant headgroup via directional

hydrogen bonding. Depending on the orientation of the ion within the bilayer, each ion offers
up to four such bonds, with the possibility of both intermolecular and intramolecular bonding.
An increase in cation contribution to the hydrogen bonding network of the bilayer would result
in increased bilayer rigidity, and thus reduced elasticity and interfacial curvature. This is due
to stronger interactions, both between the counterion and headgroup, and laterally, with an
increase in the attractive forces between adjacent headgroups. Electronic effects resulting in
increased bilayer rigidity could compensate for the effects associated with an effective decrease
in headgroup size that promotes the formation of the highly curved sponge phase in the K-AOT
system, namely the reduced steric bulk and increased electrostatic shielding.

The hydrogen bonding capability of ions is not considered in Collins’ law of matching water
affinities, which is concerned with the strength of the ion pair formation rather than any lateral
forces between adjacent molecules. Indeed, the NH +

4 ion has been observed to deviate from
Collins’ law previously. In a study by Kherb et al. on the ability of cations in metal chloride salts
to bind to carboxylate groups on polypeptides,219 both Li+ and NH +

4 were observed to bind
significantly more tightly than expected.

The ability of the NH +
4 ion to hydrogen bond is important in biological systems. Offering four

hydrogen bonds in a tetrahedral geometry is responsible for the ability of NH +
4 to stabilise the

tertiary structures of ribosomal RNA molecules and results in a ten-fold increase in the affinity
of RNA fragments for protein and antibiotic surfaces in comparison to Na+.226

Comparison of the NH4-AOT and K-AOT systems shows that hydrogen bonding can also have
an important role in the self-assembly of surfactant systems. The hydrogen bonding of the
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NH +
4 counterion offers greater stability to the lamellar phase of the NH4-AOT system as it

provides extra rigidity to the bilayer. This effect is enough to compensate for the reduced
size of the hydrated ion and means the system is situated between the Na-AOT and K-AOT
systems in terms of phase behaviour and local topology. The role of hydrogen bonding in
surfactant counterions could be further investigated in the future by removing the ability of
NH +

4 to hydrogen bond through the successive replacement of H atoms with either CH3 groups
or deuterium atoms. An alternative would be a comparative study between ammonium and
phosphonium ions, which do not offer the same degree of hydrogen bonding.

Addition of Salt to the Ammonium AOT System:
Experimental Results

The cryo-SEM images of the Na-AOT and NH4-AOT systems indicate that their lamellar phases
are not equivalent. The textures of the NH4-AOT system are observed to have more L3-like
character than those of Na-AOT, with domain boundaries less evident and the connectivity
increased. We have attributed this to the bilayer having more inherent curvature (i.e. each
monolayer has increased spontaneous curvature and thus increased packing frustration ass-
ociated with the formation of the bilayer), a claim supported by the shift to lower surfactant
concentration of the L¸–VII phase transition. Although the phase diagram of the NH4-AOT
system more closely resembles that of Na-AOT, the curvature of the bilayer must be between
that of K-AOT and Na-AOT. To investigate this, electrolyte in the form of NaCl was added to the
lamellar phase of NH4-AOT to observe whether phase transitions of higher curvature could be
induced.

The NH +
4 ion has a greater affinity for the sulfonate group of the AOT molecule than the Na+ ion

does, so there should be limited or no exchange between them at the salt concentrations used
in this study. This means that the composition of the bilayer should not change. The sodium
ions will, however, provide additional shielding of the attractive forces between bilayers and
the electrostatic forces between headgroups. This will result in a reduction in the projected
2D area of the headgroup at the hydrophobic/hydrophilic interface, and will promote more
negative spontaneous curvature. As such, upon addition of salt we expect an increase in bilayer
elasticity and eventually a loss in lamellar ordering, promoting a phase transition to a structural
morphology with greater curvature.

The Na-AOT system is known to form a sponge phase upon addition of sufficient electrolyte
to the system. The position of the L¸ to L3 phase transition upon NaCl addition has been
studied previously, and the partial phase diagram for the Na-AOT/NaCl/water system is shown
in Figure 6.12. A more complete diagram was compiled by Balinov et al.,148 which also showed
the formation of VII phases at high salt and surfactant concentrations. However, the NaCl
concentration was quoted as a percentage of water and so makes for a less direct comparison
to the results presented here. Highlighted on the phase diagram by Skouri et al. is the position
of the L¸ to L3 transition at Na-AOT concentrations of 25 and 50 wt % surfactant. In this
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study, samples of NH4-AOT at equivalent concentrations were prepared, containing increasing
amounts of NaCl. This allowed for direct comparison with the Na-AOT system.

Figure 6.12: Phase diagram of the system AOT–NaCl–water at low salt content, duplicated
from the work of Skouri et al.90 With permission of Springer, © Steinkopff Verlag 1991.

Upon the addition of sufficient NaCl, samples composed of 25 and 50 wt % NH4-AOT were
observed to undergo phase transitions. In the case of 25 wt % NH4-AOT, an isotropic phase of
decreased viscosity was formed, consistent with an L3 phase. At 50 wt % surfactant, a viscous
isotropic phase was formed, indicative of bicontinuous cubic phase formation. Both of these
phase changes transitioned through two-phase regions, where the L¸ phase was able to be
separated from the isotropic phases by centrifugation prior to analysis via SAXS. Although the
cubic samples of 50 wt % NH4-AOT were extremely viscous, upon exposure to air and under
the shear involved in producing samples for analysis via SAXS, they were observed to become
more fluid than would be expected for a pure cubic phase. This suggests that the samples
were in close proximity to a phase boundary of a more fluid phase, which was confirmed using
SAXS. Given that the two salt-induced phase transitions formed isotropic phases, POM cannot
be used to assist in assigning the symmetry of the phases formed. The cryo-SEM images in
Figure 6.13 do, however, support the assignment of the phase formed at 25 wt % NH4-AOT
upon the addition of NaCl as an isotropic L3 phase.

Figure 6.14 (a) shows the evolution of SAXS profiles for 25 wt % NH4-AOT upon increasing
the NaCl concentration, and confirms the visual observations of a L¸ to L3 transition. The first-
order Bragg peak of the lamellar phase is observed at NaCl concentrations below 1 wt %. As
the salt concentration increases, this peak is shifted to slightly lower q spacings, indicating a
gradual swelling of the bilayer repeat distance prior to the phase transition. A shift from 0.71
to 0.64 nm-1 is observed when the NaCl concentration is increased from 0.20 to 0.85 wt %,
which equates to a rise in d spacing from 88.5 to 98.2 Å. At 1.00 wt % NaCl, two phases were
observed and analysed separately. The lower layer, which was optically birefringent, retains the
lamellar Bragg peak. The top layer, which was isotropic, shows only broad scattering and a
sponge phase correlation peak at very low q values (~0.40 nm-1). At higher salt concentrations
only profiles due to the sponge phase are observed. SAXS profiles of both phases show similar
broad scattering, indicating the two phases have similar form factors. This is because the two
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Figure 6.13: Cryo-SEM images of a sample of 25 wt % NH4-AOT and 1.6 wt % NaCl supporting
the classification of the L3 phase. A highly porous and bicontinuous structure is evident at a
magnification of ⇥3,500, and the lower magnification of ⇥1,000 shows the absence of grain
boundaries that would be expected in a lamellar phase.

Figure 6.14: Stacked SAXS plots showing the effect on phase behaviour of the addition of
NaCl to specified concentrations of NH4-AOT. Where samples presented two phases, they
were separated by centrifugation and the isotropic layer is presented in black. Bragg peaks
representing the lamellar phase are shown with single and double asterisks, indicating first-
and second-order peaks respectively. Arrows indicate peaks that are tentatively assigned as
representing the bicontinuous cubic phase and are consistent with the Ia3d space group. (a) At
25 wt % NH4-AOT, increasing NaCl concentration results in a L¸–L3 transition. (b) At 50 wt %
NH4-AOT, increasing NaCl concentration results in the formation of a cubic phase and the loss
of the lamellar Bragg peaks.
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phases are topologically very similar. The lamellar phase is highly defective on the nanometre
lengthscale, with the elastic bilayer allowing high connectivity through the formation of many
pores, as seen in the cryo-SEM images presented in Figure 6.8.

Figure 6.14 (b) shows the salt induced phase transition for 50 wt % NH4-AOT. At low NaCl
concentrations, two sharp Bragg peaks in the q spacing ratio of 1:2 indicate lamellar ordering.
As the salt concentration increases, the intensity of the second-order peak decreases and there
is a gradual shift of both peaks to higher values of q. The first-order Bragg peak shifts from 1.40
to 1.48 nm-1, a change in the average d spacing from 44.9 to 42.5 Å. This indicates that as the
lamellar phase approaches the salt-induced cubic phase, the bilayer spacing decreases. This
trend is opposite to that at 25 wt % NH4-AOT, where the bilayer swelled when approaching the
sponge phase.

At 50 wt % NH4-AOT and 0.40, 0.45 or 0.60 wt % NaCl, two phases were observed. Despite
efforts to analyse the two layers of each sample separately, the isotropic layer in each case
retained some lamellar ordering in the corresponding SAXS profiles, indicating that efficient
separation was not achieved. In addition to these Bragg peaks, the isotropic layers produced
broad scattering at higher q space, similar to that of the sponge phase observed at lower
concentrations. However, once a single viscous layer is formed at 0.80 wt % NaCl, the dominant
feature is the presence of two peaks at 1.25 and 1.44 nm-1, which are in the ratio of

p
6:

p
8 and

are consistent with the cubic space group Ia3d. However, any attempt to assign a space group
here is tentative, as any reflections at higher q space are masked by the continued presence
of diffuse scattering. This broad scattering suggests that the phase is not pure and is likely
a mixture of both cubic and sponge phases. The relative intensities of the two peaks is also
observed to change with NaCl concentration, another indication of a mixture of phases. The
samples were observed to become more fluid upon loading of the cell used for SAXS analysis,
so it is unlikely that the recorded profile is truly representative of the equilibrium state. Indeed,
it is even feasible that one of the two sharp peaks could represent the presence of lamellar
ordering due to the unavoidable shear induced upon loading the cell. These samples were re-
analysed over the course of a week and showed the appearance of intense reflections at higher
q spacings, characteristic of an Ia3d cubic space group. This may be due to the relaxation of
the sample to the thermodynamically preferred structure; however, the cell used was not able to
be adequately sealed, and so the sample composition may have changed over the time period.

Despite the apparent mixture of phases in the SAXS profile, the viscous and isotropic nature
of the sample, combined with the presence of diffraction spots rather than diffraction rings in
the 2D point collimated SAXS analysis, confirms the formation of a cubic phase. The mixture
of cubic and sponge phases is due to the close proximity to the L3–VII phase boundary. A
reduction in the surfactant concentration by 2 wt % (i.e. using a 48 wt % NH4-AOT sample) was
observed to remove the presence of the cubic phase.

SAXS profiles for a sample of 48 wt % NH4-AOT and 1 wt % NaCl are presented in Fig-
ure 6.15 (a), captured at a temperature range of 15–90 �C. At 15, 25 and 35 �C only broad
scattering is observed, due to the formation of a sponge phase. A small broad shoulder can
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be seen at a q spacing of ~1.2 nm-1, either due to an average spacing of ~52.4 Å or the
proximity of the L3/VII phase boundary and the emergence of some ordering within the sample,
with the L3 and VII phases having related bicontinuous topologies. At 45 �C, two sharp Bragg
peaks in the ratio of 1:2 indicate the formation of a lamellar phase. These peaks are retained at
higher temperatures, with a small shift to lower q spacings as the temperature is increased. The
restabilisation of the lamellar phase over the sponge phase at high temperature again highlights
the close resemblance of the two phases within the NH4-AOT system. At room temperature,
the disruption of the electrostatic forces is sufficient to drive the transition to the sponge phase;
however, when this shielding effect is reduced (due to an increase in temperature of 20 �C), the
defective lamellar phase returns and is once again the energetically favoured phase.

Figure 6.15: Stacked SAXS plots showing the effect on phase behaviour of increasing
temperature for specified concentrations of NH4-AOT and NaCl. Bragg peaks representing the
lamellar phase are shown with single and double asterisks, indicating first- and second-order
peaks, respectively. Arrows indicate peaks that are tentatively assigned as representing the
bicontinuous cubic phase and are consistent with the Ia3d space group. (a) A temperature
dependent L3–L¸ transition is observed for a sample of 48 wt % NH4-AOT and 1.0 wt % NaCl.
(b) A temperature dependent VII–L¸ transition is observed for a sample of 50 wt % NH4-AOT
and 1.1 wt % NaCl.

Figure 6.15 (b) shows that for a sample of 50 wt % NH4-AOT and 1.10 wt % NaCl, an increase
in temperature also drives the transition from a cubic phase back to a L¸ phase. Bragg peaks
due to a lamellar phase appear at 45 �C with a concomitant shift to lower q space with further
increases in temperature. An increase from 45 to 85 �C results in a shift in q space from 1.62
to 1.46 nm-1, representing swelling of the bilayer repeat distance from 38.8 to 43.0 Å.
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The temperature-induced L3–L¸ and VII–L¸ transitions were also confirmed using POM, with
the birefringent lamellar phase appearing upon heating. The growth of the lamellar phase in
a sample composed of 48 wt % NH4-AOT and 1 wt % NaCl is shown in Figure 6.16. Circular
droplets with lamellar defects of s = ±1/2 gradually appear within the isotropic background of
the L3 phase. Upon continued heating, individual defects coalesce, forming the preferred defect
type of s = ±1 and begin to form larger domains. Eventually, the lamellar phase dominates the
texture and isotropic regions are no longer observed. A representative example of the VII–L¸

transition (50 wt % NH4-AOT and 0.8 wt % NaCl) can be found in Appendix C.

Figure 6.16: POM images showing the temperature-induced sponge to lamellar transition for
a sample of 48 wt % NH4-AOT and 1 wt % NaCl at temperatures of (a) 32 �C, (b) 35 �C,
(c) 37.5 �C, (d) 40 �C, (e) 90 �C. Scale bar is 100 —m.

Addition of Salt to the Ammonium AOT System:
Discussion

We have shown that the NH4-AOT system undergoes salt-induced phase transitions upon
the addition of sufficient amounts of NaCl. The formation of L3 and VII phases show that the
presence of the salt results in the stabilisation of bicontinuous topologies with higher degrees of
curvature than the starting L¸ phase. When compared with the equivalent Na-AOT concentra-
tions, there are two key differences. Firstly, the phase transitions occur in the NH4-AOT system
at much lower NaCl concentrations. Secondly, the cubic phase is stabilised at significantly lower
concentrations of surfactant.

In the sodium system, the lamellar phase formed at 25 wt % Na-AOT gives way to a two-phase
mixture of sponge and lamellar phases at 1.18 wt % NaCl, and forms a pure sponge phase
at 1.72 wt % NaCl. In contrast, the transitions in the NH4-AOT system are at the lower salt
concentrations of ~1.00 and ~1.25 wt %, respectively. At the higher concentration of 50 wt %
Na-AOT, the L¸–2P and 2P–L3 transitions occur at 0.86 and 1.79 wt % respectively, whereas
the L¸–2P and L¸–VII transitions for the equivalent concentration of NH4-AOT were induced
with half as much electrolyte added, observed at ~0.40 and ~0.80 wt % NaCl respectively.

The fact that the NH4-AOT transitions require significantly less salt is further evidence sup-
porting our earlier assertion that the lamellar phase of the NH4-AOT system has more L3-like
character than the Na-AOT system. The bilayer of the NH4-AOT lamellar phase has greater
inherent curvature than that of the Na-AOT system, and so requires less modification of the
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electrostatic forces to be able to lose the translational order of the lamellar phase and adopt the
sponge morphology. As such, the NH4-AOT system can be considered to display properties
intermediate to those of the Na-AOT and K-AOT systems. The trend in terms of specific ion
effects is therefore Na+ < NH +

4 < K+, with respect to inducing bilayer elasticity, and in particular
promoting negative Gaussian curvature, into the system. The position of Na+ is rationalised
through the greater size of its hydrated ion, while the smaller NH +

4 and K+ ions are differentiated
by the ability of NH +

4 to reduce the system entropy and provide rigidity to the bilayer through
hydrogen bonding.

The formation of a cubic morphology at 50 wt % surfactant in the NH4-AOT system, rather than
the sponge phase observed in the Na-AOT system, is further evidence of the increased neg-
ative Gaussian curvature in the NH4-AOT system. Although the two phases are topologically
related, the L3 phase is a translationally disordered variant of the VII phase, and displays a
greater variation in curvature and larger water channels. The VII phase formed when switching
to the NH +

4 ion is a periodic structure, forming a minimal surface where the two principle
curvatures are equal (but opposite in sign) and is only stabilised for large negative values
of the Gaussian curvature modulus. The formation of the VII phase in the NH4-AOT system
demonstrates again that the shielding of electrostatic interactions through the addition of NaCl
drives the behaviour of the system towards that displayed by the K-AOT system, which also
forms a VII phase at significantly lower concentrations than the Na-AOT system.

The SAXS reflections discussed above show that although NaCl promotes the formation of
sponge and cubic phases at room temperature, the effect is negated upon heating, with the L¸

phase being the lowest energy high temperature phase. It should be highlighted though that
this does not mean that the effect of the salt is completely negated. The lamellar phase formed
here is not equivalent to that formed at the same surfactant concentration and temperature
without the addition of salt. This is most efficiently shown using the SAXS data, which show
that the bilayer spacings and shifts are significantly changed upon addition of salt and changes
in temperature. Selected values for q spacings and the corresponding bilayer repeat distances
are provided in Table 6.2 to illustrate this.

Table 6.2: Values of q* and d for selected concentrations of NH4-AOT and NaCl.

Concentration (wt %)
Temperature (�C) q* (nm-1) d (Å)

NH4-AOT NaCl

45.1 – 25 1.272 49.4
50.0 – 25 1.396 45.0
55.1 – 25 1.589 39.5
50.0 0.45 25 1.462 43.0
49.9 0.6 25 1.480 42.4
49.9 1.1 45 1.629 38.5
49.9 1.1 85 1.468 42.8
48.0 1.0 45 1.505 41.7
48.0 1.0 90 1.404 44.8
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Addition of Salt to the Ammonium AOT System: Discussion

The transition from either a VII or L3 phase to an L¸ phase involves compression of the bilayer
spacing. However, once the lamellar phase has formed, further increases in temperature result
in the bilayer repeat distance increasing again. This trend is the opposite behaviour to that of
the NH4-AOT system in the absence of salt, where increasing temperature results in smaller
values of d. For a sample of 50 wt % NH4-AOT and 1.1 wt % NaCl, the d spacing is 38.5 Å at
the point the lamellar phase returns (at 45 �C). This value is comparable with that of 55 wt %
NH4-AOT when no salt is added. An increase in temperature to 85 �C, results in an increase in
the bilayer spacing to 42.8 Å.

The different trend in the way the bilayer repeat distances changes with temperature indicates
that the presence of NaCl modifies the relative contributions to the free energy of the system,
and so alters how the entropy of the system changes as a function of temperature. The
addition of salt will affect the system in several ways, as it interacts with both the surfactant
and water components of the system. The presence of NaCl will increase the system entropy
by destabilising hydrogen bonding within the bulk water regions and will negatively affect
the hydrophobic contribution of the hydrophobic regions. This second point is evidenced
by the formation of a cubic phase at 50 wt % surfactant, which requires either increased
conformational freedom or volume within the tail region, which is only exhibited when salt is
added. However, in terms of temperature, the main effect of salt is to increase the temperature
at which significant dehydration occurs. At high temperatures the surfactant headgroups
will be more hydrated in the NH4-AOT/NaCl system, than for samples of corresponding
surfactant concentrations when no salt is added. The effect of dehydration is to remove the
screening of electrostatic forces by headgroups, and allow them to move closer together.
With the range of hydration extended in the NH4-AOT/NaCl system, the contribution of this
screening is effectively increased, meaning the balance between competing forces is altered. In
particular the screening of low frequency charge fluctuations results in the effective contribution
of the van der Waals attraction forces being reduced.227 The change in balance between
these competing forces explains how the NH4-AOT lamellar phase can constrict or swell with
increasing temperature, depending on whether electrolyte has been added to the system. The
extent of this swelling will depend on the size and charge of the electrolyte and on the initial d
spacing of the sample, as these factors will also affect the balance between interacting forces.

In general terms, the phase behaviour of the NH4-AOT system has been presented in this chap-
ter for the first time. The behaviour has been shown to be similar to that of the Na-AOT system,
but the bilayer of the lamellar phase has increased elasticity, resulting in the stabilisation of
highly curved inverse structures over larger concentration ranges (including lower surfactant
concentration). In particular, the Ia3d cubic phase persists for a large surfactant concentration
range of ~12 wt %. The increased stabilisation of inverse phases, alongside the increase in local
scale topological defects observed in the lamellar phase, show that the NH +

4 ion promotes
behaviour intermediate to that of the Na+ and K+ ions (presented in Chapters 3 and 4). The
increased rigidity of the NH4-AOT bilayer, in comparison to that of K-AOT (which forms a L3

phase), implies that the role of intermolecular hydrogen bonding in the NH4-AOT lamellar phase
is to provide stability to the bilayer through increased ordering at the hydrophobic/hydrophilic
interface. This increased rigidity allows the partial offset of the curvature frustration of the
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bilayer and so a decrease in spontaneous curvature resulting in retention of the lamellar phase.
However, the increased elasticity in comparison to the Na-AOT system shows that the values
of » and »̄ fall between those of K-AOT and Na-AOT bilayers.

The role of hydrogen bonding, clearly of fundamental importance in nature, is largely neglected
in respect to counterions contributing to hydrogen bonding networks in systems such as
these. This is clearly because most counterions do not have this capability. However, this
does highlight one limitation in applying rules such as Collins’ law of matching water affinities
to a broad range of different systems and types of structures, when parameters that may
significantly affect the local environment of the system are not considered. The observed
differences between the Na-AOT, NH4-AOT and K-AOT systems, a result of the different
properties of the counterions, may be useful in the fine-tuning of surfactant systems. Switching
between the ions allows the induction or restriction of curvature (altering the susceptibility of
the system to added electrolyte) without changing the structure of surfactant molecule itself,
or requiring the addition of extra components. In the NH4-AOT system, the NH +

4 ion is shown
to be intermediate to the Na+ and K+ ions, which lie either side of the chaotropic/kosmotropic
divide.
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Chapter 7

Choline and Acetylcholine Aerosol OT

In this chapter, the quaternary ammonium ions choline and acetylcholine are used as counter-
ions to AOT. Both of these ions are biologically important and their relevance is briefly
discussed before the phase behaviour is presented, and the defect behaviour characterised,
for each system. According to Collins’ law of matching water affinities,49,181,228 both choline
and acetylcholine will form close contact ion pairs with the AOT headgroup. However, we show
that their bulky size can more than compensate for their low levels of hydration, resulting in the
stabilisation of the lamellar morphology in these systems to a greater extent than any of the
systems discussed in previous chapters.

Choline and Acetylcholine AOT: Introduction

Choline (2-hydroxy-N,N,N-trimethylethanaminium) is a quaternary ammonium ion with the
structure presented in Figure 7.1. It is a natural human metabolite, closely associated with the B
vitamins, and was classified as an essential nutrient for humans in 1998 with the establishment
of the Dietary Reference Intakes by the Food and Nutrition Board of the Institute of Medicine in
the USA.229–233 It has a diverse range of roles in human metabolism, and deficiency in choline
is considered to be a contributing factor in several diseases, including atherosclerosis,234 liver
dysfunction,230 and various neurological disorders.231,235 It has also been shown to have a
critical role during foetal development, where it influences the structure and function of the
spinal cord and brain.236,237 Low levels of choline during this period inhibit nerve and brain
development, and lead to an increased risk of neural tube defects, such as spina bifida.238–240

Figure 7.1: Molecular structure of the choline counterion.
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Choline is considered to have five main physiological roles:

• As a source of labile methyl groups in various synthetic pathways.213,231,241

• As a precursor in the production of acetylcholine, a principal neurotransmitter in the
peripheral and central nervous systems.242,243

• As a component in several predominant phospholipids in cell membranes.231,244

• Controlling the phospholipid concentrations in the liver and in blood.231,245

• Intra- and inter-cell signalling.236,246

Two of the most predominant phospholipids within the human body are phosphatidylcholine and
its sphingolipid analogue sphingomyelin, shown in Figure 7.2. Together they typically account
for over 50 % of membrane phospholipids.247–249 Both lipids contain choline attached to a
phosphate within the headgroup, making them zwitterionic over a large pH range. In phos-
phatidylcholine, the phosphate group is linked to two fatty acid chains via a bridging glycerol
component. In sphingomyelin, the phosphate is attached to a ceramide unit consisting of a long-
chain sphingosine base and an amide-bonded fatty acid chain. With similar headgroups and
asymmetric configurations, there are clear structural similarities between the two, also indicated
by some overlap in their functionality. However, the two lipids also serve separate roles within
the human body and plasma membrane, due to structural differences in their interfacial and tail
regions.249

Figure 7.2: Molecular structures of phosphatidylcholine (left) and sphingomyelin (right). The
choline component of each phospholipid is coloured red. The compositions of the hydrocarbon
components will vary with dietary intake and between different tissues.
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Choline and Acetylcholine AOT: Introduction

The sn-1 chain of phosphatidylcholine is normally saturated, whilst the sn-2 chain is unsatu-
rated, containing at least one double bond with a cis configuration. This kinked configuration
lowers the sol-gel transition temperature and provides fluidity to a membrane. The comparable
acyl chain in sphingomyelin is generally either saturated or trans-unsaturated, allowing for
a tighter packing arrangement. The sol-gel transition temperature of sphingomyelin in mem-
branes is regulated by a favourable interaction with cholesterol, which disrupts the local packing
order and increases lateral diffusion.249

Although in this work we have used choline as a counterion to AOT rather than a covalently
bonded component of the headgroup, investigating its role as a counterion is still of biological
relevance. This is because choline within the human body is known to detach from the
headgroup of phospholipids to drastically alter their properties and physical behaviour, and
those of the structures they form.250 The release of choline is an important process in cell
signalling, which is of significant importance in the understanding of cell growth and cell death,
and also the targeting of cell growth in cancer therapies.251–254 Choline metabolites have
also been shown to have a pivotal role in remyelination and have been proposed as potential
substances for the treatment of multiple sclerosis, due to their regenerative effects.255

Aside from the role of choline in human metabolism, Klein et al. investigated the potential use
of choline as a counterion in single chain carboxylate surfactants and in choline dodecyl sulfate
(ChDS).60 ChDS was shown to present good solubility in water, with the Krafft temperature
remaining below 0 �C for surfactant concentrations up to 65 wt %. This increased solubility
in comparison to its sodium analogue SDS, alongside the retention of equivalent counterion
dissociation in the micellar phase – despite a trend observed within the alkali metal series
that smaller ions induce lower Krafft temperatures and weaker ion-headgroup association – is
postulated to be due to the choline ion providing greater hinderance to the efficient packing of
surfactant molecules, presumably as a result of its steric bulk.

Quaternary ammonium ions are often reported to exhibit negative toxic impacts.256,257 How-
ever, ChDS was shown through cytotoxicity studies to present good biocompatibility, with
studies on two human cell lines showing it to be no more toxic than the commonly used SDS and
KDS.60 This low toxicity is likely due to the presence of the hydroxyl group. It also shows that
some quaternary ammonium ions do have potential roles as counterions in green surfactants.

In this thesis, choline was employed as a counterion in the AOT system, and is shown to
stabilise the lamellar phase of the system over a wider range of surfactant concentrations than
any of the systems presented in the previous chapters. However, the L¸ phase is also shown
to lose stability at lower temperatures than the other systems studied. In addition, we show
that the use of the choline ion produces a L¸ phase capable of incorporating large amounts of
electrolyte without undergoing drastic structural changes due to a phase transition.

As mentioned above, one of the physiological roles of choline is as the main precursor in
the synthesis of the most common neurotransmitter within the human body, acetylcholine
(2-acetoxy-N,N,N-trimethylethanaminium), shown in Figure 7.3. Acetylcholine functions in both
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the central and peripheral nervous systems, and all nerves leaving either the brain or spinal cord
release acetylcholine as a neurotransmitter.258 In the peripheral nervous system it functions
at neuromuscular junctions between motor nerves and skeletal muscles to activate muscle
action. In the central nervous system, and in particular in the brain, it functions as both a
neurotransmitter and a neuromodulator, meaning that it transmits directly over some synapse
junctions, but also acts upon a variety of other neurons in the brain and regulates their activities.
The concentration of acetylcholine within the human body has been shown to decrease with
normal ageing, often resulting in short term memory loss.259 Where the drop in acetylcholine
concentration is more severe, neurons become vulnerable to degradation. This is a contributing
factor in several motor neuron diseases.260–263 The deterioration of one acetylcholine neural
pathway has been associated with the onset of Alzheimer’s disease.264,265 The disease is
characteristically marked by a reduction in the concentration of acetylcholine of up to 90 %
and the subsequent degeneration of the cholinergic neurons that it acts at, such as those in
the cerebral cortex.266–268 Current treatments for Alzheimer’s disease target the breakdown of
acetylcholine, acting to inhibit its enzyme-catalysed deactivation at synapses to maintain higher
concentrations.269

Figure 7.3: Molecular structure of the acetylcholine counterion.

Biosynthesis of acetylcholine occurs at the terminals of cholinergic neurons via the enzyme-
catalysed acetylation of choline. Choline acts as the immediate precursor of acetylcholine,
and its abundance controls the rate of synthesis.242,263,270 Storage pools of choline exist in
such neurons in the form of vesicles composed of choline-containing phospholipids, which are
broken down via hydrolysis to produce choline. Levels of acetylcholine in the brain cannot be
increased by external administration due to the polarity of the molecule and presence of the
charged ammonium group preventing it from passing through the membranes of the blood-
brain barrier.271

Acetylcholine is clearly an important molecule within the human body; however, its inclusion
within this study was due to its close structural resemblance to choline. The choice of acetyl-
choline allowed us to employ a second biogenic quaternary amine as a counterion to AOT,
enabling a comparison with the choline system. The amine component of each molecule is
identical; however, changing the functional group from an alcohol in choline to an ester in
acetylcholine results in an increase in size and alters the physical properties, specifically the
interaction of the molecule with water. Both molecules are polar and so offer dipole-dipole
interactions alongside van der Waals dispersion forces. However, the ester group is less polar
than the alcohol and so these attractions are reduced in acetylcholine, as is the capacity for
hydrogen bonding. The hydroxyl group of choline allows it to act as both a hydrogen bond
donor and acceptor, whereas the ester functionality of acetylcholine limits its role to hydrogen
bond donation only.
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Choline AOT: Experimental Results

As both choline and acetylcholine are significantly bulkier cations than those used in previous
chapters, we also introduce the possibility of forming ionic liquids. These can be generally
defined as materials that consist entirely of ions and present a liquid state at a temperature
below 100 �C (below 25 �C in the case of room temperature ionic liquids). This 100 �C melting
point is entirely arbitrary and ionic liquids are defined in this way to represent their practical
usefulness, rather than any inherent difference to salts that melt above this temperature. The
low melting points of ionic liquids are due to poor coordination of the constituent salt ions. The
formation of a stable crystal lattice is prevented by pairing bulky and unsymmetrical ions that do
not pack efficiently or form strong ion pairs. Crystal lattices can be destabilised by increasing
the distance between the charges and by decreasing the symmetry of the ions. As such, ionic
liquids will generally consist of two bulky ions that are not able to pack closely, with at least one
ion having a delocalised charge or significant charge shielding by large substituents. As such,
many ionic salts contain one organic ion capable of charge distribution by resonance.

A list of common ions used in ionic salts can be found in a review by Hayes et al. and includes
ammonium and sulfonate ions.272 As such, the hypothesis that Ch-AOT and AcCh-AOT could
be ionic liquids is a reasonable one. The sulfonate group of AOT exhibits delocalisation of its
negative charge and the positive charges of choline and acetylcholine are shielded through the
alkyl groups attached to the nitrogen atoms. Ionic liquids have been a growing topic of interest
over the last 15 years due to potential applications in a wide variety of fields.272 Generally
considered good solvents and electrolytes, the added ease of fine-tuning the physicochemical
properties by simple modifications to either the cation or anion component has led to them being
termed “designer solvents” and “solvents of the future”.273,274 They are now widely used in both
organic and inorganic chemistry to produce more environmentally friendly syntheses.275,276

So, although the objective of this work was not to produce ionic liquids, were the physical
interactions between the chosen surfactant and counterions to produce such a result, it would
be of academic interest and potential practical use. In fact, during 2014, Rao et al. also
synthesised Ch-AOT277 (the first published synthesis) and stated that it is an ionic liquid.
However, the results reported in this chapter suggest that this assignment is erroneous, which
will be discussed in more detail below.

Choline AOT: Experimental Results

Choline AOT Phase Behaviour

The elucidated phase diagram for the Ch-AOT system is shown in Figure 7.4, and is markedly
different from those of the alkali metal and ammonium systems. This is due to the absence of
pure VII and HII phases. The phase diagram is clearly dominated by a lamellar phase, which
extends from 20 to 98 wt % surfactant. Lamellar ordering exists as low as 5 wt % surfactant due
to the presence of a two-phase region. This region is a mixture of the lamellar phase observed
at higher concentrations and the isotropic liquid observed below 5 wt %, which due to the bulky

209



Chapter 7

nature of both the head and tail components of the surfactant is likely a vesicular phase. The
Ch-AOT phase diagram also differs from those presented previously in terms of the melting
transition temperature of the lamellar phase. This is considerably lower in the Ch-AOT system,
which is likely due to the disruption to the hydrogen bonding of the water network caused by
the additional bulk of the choline cation upon dissociation.

Figure 7.4: Phase diagram of the Ch-AOT system. The two-phase region is depicted by 2P and
2P(cl) to distinguish between the phase-separated and cloudy regions, respectively. Cr denotes
the presence of crystals.

Bulk samples of the Ch-AOT system (see Figure 7.5), show that the two-phase region is more
easily defined than in the Na-AOT system. This is due to the presence of a cloud point, which
results in the samples within the two-phase region appearing cloudy at room temperature.
The cloud point is evident upon heating lamellar samples of concentrations up to ~47.5 wt %.
Above this concentration the optical birefringence of the bulk samples gives way to an isotropic
texture, but a cloud point is no longer observed. The presence of a cloud point reveals strong
counterion to headgroup binding, as observed in several other tetraalkylammonium surfactant
systems.278–280

At room temperature, samples of concentrations higher than 20 wt % give rise to bright colours
when viewed with crossed polarised light. They present the same trend in colour changes as
observed in the alkali metal systems. This indicates ordering on the same lengthscales as the
previous systems as the bright colours, which transition with increasing surfactant concentration
through blue and black, before giving opaque textures more normally associated with a lamellar
phase, are indicative of ordering on lengthscales comparable to that of the light shining through
them.

210



Choline AOT: Experimental Results

Figure 7.5: Bulk samples of Ch-AOT viewed under crossed polarised light. Samples at 5 and
15 wt % are cloudy in appearance. Samples at higher concentrations are within the lamellar
phase and show the evolution from iridescent to opaque appearance with increasing surfactant
concentration.

Approaching 100 wt % surfactant, the phase diagram shows a transition from a lamellar phase
to a two-phase region. This is possibly an oversimplification, as moving from a lamellar phase
to a mixture of hexagonal phase and crystals may involve several transition steps. However, it
was not possible to isolate any such transitions in this work, due to the surfactant proving to
be extremely hygroscopic. Any exposure of the pure surfactant to air resulted in the formation
of a lamellar phase. Samples prepared under an inert atmosphere did not reveal any further
phase behaviour, except that of the pure surfactant itself, which was revealed to be hexagonal
by SAXS and POM. Concentration gradients viewed using POM, as shown in Figure 7.6, did not
reveal an isotropic band to indicate the presence of a VII phase between the L¸ and HII phases,
as was observed in all of the alkali metal/AOT systems. As such, it is likely that there is a direct
phase transition between the L¸ and HII phases, as has been observed elsewhere.281,282 It
may be possible that a cubic phase could be induced by repeatedly cycling through the L¸ to
HII phase transition, as observed in other systems283,284 and that its absence is due to the
slow equilibration time of the phase. However, this was not investigated further as studies in
this part of the phase diagram are problematic and without practical application, due to the
aforementioned hygroscopic nature of the surfactant at such high concentrations.

Figure 7.6: POM concentration gradient for Ch-AOT at ~25 �C (⇥40 magnification). The
direction of water penetration is from right to left. There is no evidence of the formation of a
VII phase.
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Choline AOT SAXS

Figure 7.7 shows the evolution of the SAXS profiles upon increasing surfactant concentration
for the Ch-AOT system. Due to the large bilayer spacings within the two-phase region, first-
order lamellar peaks for samples below 15 wt % are in close proximity to the primary peak and
so are visible only as a shoulder. Due to the dominance of the lamellar phase in the system,
two Bragg peaks in the ratio of 1:2 can be observed for most samples, which upon increasing
concentration become sharper and more intense due to increased ordering. An exception to
this occurs between 35 and 45 wt %, where intensity of the first-order peak is diminished due to
the zero form factor (as observed for the previous systems). At low concentrations, the second-
order Bragg peak is masked by diffuse scattering. The relative contribution of this scattering
is reduced at higher concentrations due to the reduction in Helfrich repulsion forces at lower d
spacings. This reduces the diffuse scattering and results in increased bilayer ordering and so
sharper second-order Bragg peaks.

At 100 wt %, the Ch-AOT system forms a mixture of a hexagonal phase and crystals. The
hexagonal ordering is confirmed by Bragg peaks in the ratio 1:

p
3:

p
4. The crystallinity is

confirmed by the WAXS region. The insets in Figure 7.7 show the scattering at wide angles
for concentrations of 90 and 100 wt % Ch-AOT. At 90 wt %, fluid alkyl chains result in a
characteristic broad scattering centred at 13.6 nm-1, indicating liquid crystalline behaviour. At
100 wt %, both broad scattering due to the liquid crystalline hexagonal phase and sharp peaks
due to the crystalline phase are evident, confirming the assignment as biphasic. The sharp peak
at 8.3 nm-1 correlates to ~7.5 Å, and can be assigned as arising from headgroup correlations
between dehydrated headgroups.285,286 Peaks at 13.4, 14.1 and 14.4 nm-1 are likely due to
solidified alkyl chains within the crystalline solid.

In the lamellar phase, the relative width and position of the broad peak arising due to the
fluid surfactant tails gives an indication of the average spacing between the alkyl chains. With
increasing concentration, this broad peak shifted to lower q values (14.9 to 13.6 nm-1 between
50 and 90 wt % Ch-AOT), indicating an increasingly splayed conformation of the tails. The peak
also significantly narrows at high concentrations, reflecting more regular interactions between
chains. An increasingly splayed conformation of the tail region within the lamellar phase implies
the formation of a highly curved, defect rich microstructure.

Figure 7.8 compares the bilayer repeat distances of the Ch-AOT system to those observed
in Na-AOT. Both systems show normal one dimensional swelling behaviour, although Ch-AOT
shows lamellar behaviour over a larger concentration range. The sterically larger and weakly
hydrated Ch+ ion should result in an increased contribution of attractive (over repulsive)
intermolecular forces. However, the Ch-AOT system displays larger d spacings than Na-AOT
at comparable concentrations. This is probably the result of a combination of factors. Firstly,
despite Ch+ forming a closer ion pair with the sulfonate group, the steric bulk of the Ch+ ion
will result in a thicker bilayer, and thus a larger contribution to the d spacing. In addition to this,
the Ch-AOT system will have more bulk water between the bilayers. The chaotropic Ch+ ion
will promote a dehydrated bilayer, whereas the kosmotropic Na+ ion will be strongly hydrated.
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Figure 7.7: SAXS profiles of the Ch-AOT system with increasing surfactant concentration.
Peaks marked by asterisks are Bragg peaks due to the lamellar phase. Peaks marked with
dots, seen at 100 wt % Ch-AOT, are due to hexagonal ordering and are in the ratio 1:

p
3:

p
4.

The insets show the WAXS region for (a) 90 and (b) 100 wt % Ch-AOT.
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Figure 7.8: Changes in d spacing with increasing concentration for Ch-AOT and Na-AOT
systems. Where the form factor interference resulted in the disappearance of the first-order
Bragg peak, the d spacing was calculated using the position of the second-order Bragg peak.

Also, the relative number of water molecules per AOT molecule is larger in the Ch-AOT system
for any given weight percent (e.g. ~29.2 vs. 24.7 H2O molecules for Ch-AOT and Na-AOT,
respectively, at 50 wt % surfactant concentration).

At high concentrations, the two systems trend towards a similar limit in bilayer spacing.
Within this region, the close proximity of the bilayers means that the d spacing is governed
by steric hydration forces, which are far greater than the van der Waals attractive forces.
With increasing concentration, this strong repulsion between bilayers promotes structural
transformations towards inverse morphologies, such as the VII phase adopted by the Na-AOT
system. However, the lamellar phase in the Ch-AOT system persists up to ~98 wt % surfactant.
The steric bulk of the Ch+ ion results in an increased headgroup area in the Ch-AOT system,
which promotes columnar packing, increased bending rigidity and increased van der Waals
attractions. Also, the chaotropic nature of Ch+ results in weak hydration and so a reduction
in the repulsive forces. As such, the Ch-AOT system retains a L¸ phase at concentrations
approaching 100 wt %. The formation of a hexagonal/crystalline phase only occurs upon
changes in the intermolecular forces and packing arising from the unfavourable dehydration
of the hydroxyl group, which is rapidly reversed upon exposure to moisture.

Choline AOT Optical Microscopy

Figure 7.9 shows POM textures of the Ch-AOT system with increasing concentration captured
at 25 �C. At the boundary between the isotropic and two-phase regions, the textures are
predominantly isotropic with the presence of some isolated FCD-II defects. As the concentration
increases through 10 and 15 wt %, the number of FCD-II defects dramatically increases,
although they remain spherical and appear uniform in size. At this stage defect centres remain
isolated and the background remains isotropic. At 20 wt %, where bulk samples were observed
to transition from a cloudy two-phase mixture to a single pure L¸ phase, a change can
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Figure 7.9: POM images of Ch-AOT with increasing concentration at ~25 �C. A gradual move
from positive to negative Gaussian curvature results in change from isolated FCD-II defects at
low concentrations to streaky textures and mosaic patterns at high concentrations. A change
from negative to positive birefringence occurs at ~45 wt %. Scale bars are 100 —m. Additional
images are available in Appendix C.
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be observed in the FCDs. They are smaller in size and become visibly distorted in shape.
The presence of orientated domains is also observed, appearing white against an isotropic
background. Upon rotation of the sample stage 90� these domains fade, appearing to become
isotropic, and the previously isotropic regions appear as orientated domains.

Between 20 and 40 wt % Ch-AOT a gradual change was observed. Individual FCD-II defects
became drastically distorted and decreased in number, until finally they were no longer
observed. Instead, the textures are dominated by the ordered domains that were first observed
at 20 wt %. These domains gradually decrease in size within this concentration region. The
change from negative to positive birefringence, reported in the previously studied alkali metal
systems, was also observed at ~40 wt % surfactant, resulting in near isotropic textures. It
becomes difficult to accurately define the defect behaviour at this concentration, although there
also appears to be a decrease in the number of defects present.

Above 45 wt % the switch to positive birefringence results in brighter textures, which are more
easily assigned. The orientated domains have developed into the more classical streaky tex-
tures which were observed at similar concentrations in the previously discussed systems. This
indicates a general switch from positive to negative Gaussian curvature and the formation of oily
streaks (FCD-I defects) that obey Friedel’s laws of association. With increasing concentration,
the ordering of these streaky domains is increased and they become more uniformly aligned.
The background of these textures is also observed to gradually change, switching from isotropic
to mosaic patterns consistent with point defects of different signs packing together.

At Ch-AOT concentrations of 80 wt % and above, the mosaic pattern is the dominating feature
of the textures. The distortion of the individual defect points within this pattern shows that the
size and shape of each defect is defined by the interactions with those that surround it. As such,
they are forced to adopt morphologies that differ from their ideal, energetically favoured states.
Such a pattern suggests a large amount of curvature in the system with the structure of the
phase on a micrometre lengthscale much deviated from the “ideal” of indefinite flat domains,
whilst bilayers still exhibit lamellar ordering on a local lengthscale.

To characterise the behaviour at 100 wt % Ch-AOT, the pure surfactant was slowly cooled to
room temperature from an isotropic liquid to obtain a thin texture which allowed an assignment
of the phase behaviour. This texture is shown in Figure 7.10 and the presence of needle-like
crystals is observed overlaying a characteristic splayed fan texture arising due to the columnar
focal conic domains of the HII phase.

In general, the nature of the defects observed in the Ch-AOT system is very similar to that
already observed in the alkali metal and NH4-AOT systems. In particular, the textures are very
similar to those of the Na-AOT system. The Na-AOT system stabilises the L¸ phase over a
larger concentration region than the Li-AOT, K-AOT and NH4-AOT systems and so exhibits a
greater range of defect behaviours, ranging from highly positive to highly negative Gaussian
curvature. The concentration range of the L¸ phase in the Ch-AOT system is increased further
in comparison to the Na-AOT system, however no additional defect types are observed, but
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Figure 7.10: POM texture of pure Ch-AOT at 25 �C, obtained by slow cooling from an isotropic
melt. Scale bar is 100 —m.

the distribution of the behaviours is extended over a larger concentration region. The main
differences in the appearance of textures between the Ch-AOT and the Na-AOT systems are
observed in the two-phase region. This is because the maximum size of the large MLVs formed
is not dictated by the intrinsic curvature stress of the bilayer, but by the boundary conditions
governed by the hydrophobic effect, which are controlled by the varying contributions of the
different counterions.287 The difference in the relative contributions of the sodium and choline
ions will be large, as Na+ is a small, hard kosmotrope while Ch+ is a large chaotrope and is
hydrophobically hydrated.288

Choline AOT Cryo-SEM

The interactions of defects and the progression through different defect types within the Ch-AOT
system was investigated further using cryo-SEM. Figure 7.11 shows images of a 15 wt %
sample, which is within the two-phase region of the system, at various magnifications. Low
magnification images shown in Figure 7.11 (a) and (b) confirm the presence of the MLVs (or
FCD-II defects) reported in the POM textures, and indicate a distribution in size of 1–20 —m.
The distinction between the two phases is clear even at these low magnifications, with the
defined MLVs in contrast to the highly connected and disordered surfactant and water domains.
Figure 7.11 (c) and (d), at higher magnifications, show the ordered periodicity due to stacked
bilayers within the MLV structure. Also evident at these magnifications is the high number of
connections between the bilayers, which disrupt the water diffusion in three dimensions by
creating barriers that restrict significant water movement over the measured timescale, as
reported for Na-AOT via diffusion NMR.47 Both images also show the extent of the water
connectivity within the continuous surfactant domain, with channels as large as 1 —m in size
discernible. Figure 7.11 (e) and (f) present images at even higher magnifications, and reveal that
the continuous surfactant phase is also consistent with a bilayered structure. They also show
that the connecting nodes within the continuous structure are often globular and resemble small
MLVs in the range of 100–500 nm. These are held within the continuous surfactant network, but
would be too small to be observed via POM. The connective nature of this two-phase region,
with large isolated FCD-II defects distributed throughout, is similar to the structures observed
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Figure 7.11: Cryo-SEM images of a sample of 15 wt % Ch-AOT. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

in the alkali metal systems; however, the distribution in size and number of FCD-II defects is
increased.

Figure 7.12 shows cryo-SEM images of a sample of 25 wt % Ch-AOT. This concentration is
within the pure L¸ region of the phase diagram presented above, and as expected the images
are significantly different from those presented in Figure 7.11. Both figures show the presence
of focal conic defects, however at 25 wt % surfactant the number of defects is increased and
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they are no longer scattered throughout a disordered surfactant phase. Some large channels
of water up to 0.5 —m in size remain. However, most of these channels have directional order,
showing an increase in order compared to the two-phase region. The focal conic defects
also show an increase in order, with the defects no longer being spherical. Instead they are
elongated along one axis, with neighbouring defects elongated along the same direction. This
elongation of defects is consistent with the observations made for the same concentration
of Ch-AOT during the POM investigation, where the spherulite defects were observed to
be distorted and domains of differing birefringence were observed. The cryo-SEM images
presented here reveal that these domains are formed of groups of defects with on average
directional ordering. Despite being orientated in the same direction, many of the defects are
separated by the large water channels and so are not closely packed together.

Figure 7.12: Cryo-SEM images of a sample of 25 wt % Ch-AOT. The area highlighted in red
shows one example of an elongated FCD-II defect. The red arrow indicates a large water
channel. The inset shows the corresponding POM image, with a scale bar of 50 —m.

The size of the FCD-II defects range from 0.5 to 4 —m; however, the majority are between 1
and 2 —m. Along the length of the longer axis, defects are observed to be as large as 12 —m,
although again the majority are smaller and range between approximately 4 and 6 —m. On local
lengthscales, a high degree of connectivity between layers is evident, alongside pores of water.
The constant formation and breakdown of bilayer connections (a characteristic of the L3 phase),
alongside the large channels of bulk water which separate many of the defects, accounts for the
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low viscosity of the bulk samples, which was evident upon handling (and is discussed further in
Appendix E).

It should be noted that formation of elongated defects at this concentration was a reproducible
result and they were observed to be thermodynamically stable over several months. They were
not observed to relax into the classical spherical form over time, and as such, should not be
confused with the short-lived kinetically stable elliptical defects that are often observed to briefly
form during slide preparation for POM studies. The good correlation between the POM and
cryo-SEM techniques, which involve different methods of sample preparation, also indicate that
despite some similarities with the “leeks” formed by some lamellar phases under shear, the
results here are not a product of shearing of the sample. Cryo-SEM images of the Ch-AOT
system under controlled shear are presented in Appendix E and differ significantly from those
presented in Figure 7.12.

At 50 wt % Ch-AOT (see Figure 7.13), images show that the defects have started to pack
together and their shapes deviate from the spherical ideal, due to the constraints imposed by
neighbouring defects. The number of defects is very high and their presence dominates the
images, although there is also some evidence of orientated domains. This is particularly true
in the lowest magnification images, which show a mixture of grouped defects aligned upon the
same director axis, and flat sheet-like areas where the fracture along a grain boundary has
removed domains aligned in other directions. However, the unilateral direction of the fracture
limits our ability to comment upon their size. In conjunction with the POM discussed previously,
we can conclude that the sample is comprised of domains consisting of a large number
of defects aligned roughly along one directional axis. The various domains are orientated
in different directions and their energetically unfavourable adjoining boundaries are prone to
fracture upon cryo-SEM preparation.

At the higher magnifications shown in Figure 7.13 (d)–(f), point defect centres of both positive
and negative sign are observed. The strain of packing upon the elasticity of individual defects
is seen, as they are forced to adopt regions of sharp curvature to accommodate neighbouring
defects. It is also clear in these images that the structure retains a high degree of connectivity
between layers. In contrast to the alkali metal systems, the alignment of defects into oily streaks
is not evident at this concentration. Indeed, the phase is more comparable to that of a shear-
induced onion phase. However, the results reported here were reproducible and care was taken
not to introduce shear into the samples. The samples were also prepared via the same methods
as the systems discussed previously. This indicates either the Ch-AOT system is more prone
to the formation of stable defects during the sample equilibration process or their formation is
not shear dependent.

The alignment of defects to form oily streaks is clearly evident in images of 75 wt % Ch-AOT
shown in Figure 7.14. The previous figures reveal a gradual progression, as isolated point
defects within a medium of continuous surfactant and water domains grow in both size
and number, before beginning to deform, align and pack together. Figure 7.14 however,
presents a significantly different texture with increased long-range ordering. The reduction in
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Figure 7.13: Cryo-SEM images of a sample of 50 wt % Ch-AOT. Red boxes indicate regions
of grouped defects (dashed lines) and orientated domains (solid lines). The dotted line in (e)
highlights the close packing of defects. The inset shows the corresponding POM image, with a
scale bar of 50 —m.

bilayer spacing results in a significant decrease in the bilayer elasticity, shown by the loss of
connectivity and water channels between layers (evident at lower concentrations), due to the
phase being governed by electrostatic rather than entropic forces. The inherent curvature of the
bilayer has also clearly changed, with a switch to defects of negative Gaussian curvature and
ordered domains of up to 40 —m in size. There is also a reduction in the size of individual
defects, and oily streaks have formed and are aligned with neighbouring streaks. When
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Figure 7.14: Cryo-SEM images of a sample of 75 wt % Ch-AOT. Red boxes show examples of
oily streaks. The inset shows the corresponding POM image, with a scale bar of 50 —m.

comparing different oily streaks, the size of their defect components varies drastically (from
0.3 to 3 —m), although with both the large depth of field shown in low magnification images
and the fact that different streaks have fractured along different planes, this may be misleading.
Whilst the oily streaks are aligned in similar directions to the neighbouring streaks, there are still
ordered domains revealed along different directional axes. Large point defects of both positive
and negative Gaussian curvature also remain; however, the majority are of negative Gaussian
curvature.
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At 95 wt % Ch-AOT, shown in Figure 7.15, the mosaic pattern observed in POM images is
confirmed to be due to the close packing of highly curved FCD-I defects. The oily streaks
are significantly shorter than those observed at 75 wt % (~2–3 —m instead of up to 20 —m)
and are highly curved and packed together with no obvious average direction. This confirms
that as the surfactant concentration has increased, the Gaussian curvature of the system has
become increasingly negative. Low magnification images do show some larger domains where
the system is presenting more classical lamellar behaviour, although these too contain some
FCD-I defects.

Figure 7.15: Cryo-SEM images of a sample of 95 wt % Ch-AOT. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

Choline AOT: Summary

In Chapters 5 and 6, it was shown that the alkali metal and ammonium systems of AOT
transition from a multilamellar vesicular phase, through a lamellar phase and into inverted
structures, with increasing concentration. This is due to AOT molecules becoming more closely
packed and adopting an increasingly inverted shape. It is also facilitated by a decrease in
headgroup area, and changes to the elastic constants of the bilayer, which arise due to the
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variation in hydration and electrostatic forces that govern the free energy. The stability of the
lamellar phases in these systems was mediated through the formation of defect structures with
increasingly negative Gaussian curvature. However, this progression was subject to change
upon manipulation of the intermolecular forces, through changes in counterion, temperature or
by addition of salt.

The use of the bulky and weakly hydrated Ch+ counterion in the Ch-AOT system has increased
the stability of the L¸ phase, with the system retaining a lamellar morphology over most of
the phase diagram. The larger effective headgroup size in Ch-AOT restricts the ability of the
molecule to adopt a non-cylindrical shape. This results in increased bilayer rigidity and almost
removes the formation of inverted structures entirely. Despite this increased bilayer rigidity, the
system follows the same general trend in defect behaviour as the previously studied systems.
The POM and cryo-SEM images are in good agreement and show the formation of highly
curved defects at both high and low concentrations. This progression from FCD-II to FCD-I
defects upon increasing surfactant concentration is accompanied by a reduction in connectivity,
which is evident at low concentrations. This connectivity is also a feature of the SAXS profiles
of the system, which show broad scattering and weak second-order lamellar reflections due to
long-range undulation forces between the bilayers.

Despite the induced rigidity in the Ch-AOT bilayer, the formation of defect-rich morphologies
ranging from MLVs to mosaic-like structures shows that the bilayer still has a curvature
frustration cost associated with the spontaneous curvature of each monolayer being restricted.
It also shows that the packing within the bilayer is flexible, and that the surfactant molecules are
able to accommodate the demands of drastically different interfacial curvatures, despite being
restricted to a lamellar phase. This is likely enabled by the range of packing environments
available to the surfactant tails.

Upon increasing temperature, the lamellar phase of the Ch-AOT system is observed to
transition to an isotropic liquid at a lower temperature than the previously studied systems. This
is presumably a result of the dissociation of the bulky Ch+ ion disrupting the water network.
However, no lyotropic phase transitions were observed on increasing temperature, and the
defects were not observed by POM to appreciably change until the melting transition occurs.
This is further indication of the rigidity of the Ch-AOT bilayer and suggests that due to the large
steric effects, the system is stable upon changes to the electrostatic forces. This was further
investigated through the addition of salt to the system.

Addition of Salt to the Choline AOT System: Experimental Results

Na-AOT has often been cited as a good system for investigating the behaviour of lamellar
phases, due to it presenting the phase over such a large concentration range. Given that
the Ch-AOT system described above shows an extended stability of this phase, beyond that
exhibited by Na-AOT, a further investigation was carried out to determine if this increased phase
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stability is retained upon the addition of electrolyte. Ch-AOT concentrations of approximately
20, 40, 60 and 80 wt % were prepared with the addition of various concentrations of NaCl,
as presented in Table 7.1. As the Na-AOT90 and NH4-AOT (see Chapter 6) systems form
sponge phases at ~1.4 and 1.2 wt % NaCl, respectively, the Ch-AOT samples prepared initially
contained between 1 and 2 wt % NaCl. All of these samples presented optical birefringence
under crossed polarised light indicative of a lamellar phase, and so samples of increasing NaCl
concentration were prepared until a change in the phase behaviour was induced.

Figure 7.16 shows the bulk samples prepared for ~40 wt % Ch-AOT between crossed polaris-
ers. Moving from 4 to 5 wt % NaCl, the bulk sample is observed to separate into two layers. The
bottom layer continues to show optical birefringence consistent with a lamellar phase, whilst
the top layer is optically isotropic. The addition of 6 wt % NaCl resulted in a single isotropic
phase of low viscosity, and by 7 wt % NaCl, two isotropic phases were observed. Similar trends
were observed for 20 and 60 wt % Ch-AOT. At 80 wt % Ch-AOT an isotropic phase induced
by the addition of 4 wt % NaCl was of higher viscosity rather than lower viscosity than the
preceding lamellar phase. Further addition of NaCl at this surfactant concentration surpassed
the solubility limit of NaCl in water (35.9 g per 100 g water at 20 �C) and resulted in the retention
of the viscous phase plus undissolved NaCl.

Figure 7.16: Bulk samples of ~40 wt % Ch-AOT with increasing NaCl concentrations viewed
under crossed polarised light. Samples of 5.0 and 7.0 wt % NaCl present two phases (interfaces
indicated by red arrows) and 6.0 wt % presents a single optically isotropic phase.

The effect of the increasing salinity for each concentration was monitored using SAXS and
is presented as stacked plots in Figure 7.17. In cases where samples presented phase
separation, the layers were further separated by centrifugation and analysed individually. The
most obvious changes in the SAXS profiles are observed at high Ch-AOT concentrations.
Figure 7.17 (d) shows that 80 wt % Ch-AOT exhibits a L¸–VII transition, with sharp Bragg peaks
in the ratio of 1:2 giving way to a series of peaks in the ratio
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indicative of a bicontinuous cubic phase with an Ia3d space group of a gyroid arrangement.
Upon further salt addition, a change in peak ratios reveals a VII–VII transition, with peaks giving
rise to the ratio
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10 of a Pn3m diamond space group. The assignment of

peaks to the correct Miller indices and hence the correct space group is confirmed by the
linear plots in Figure 7.18, which allow the calculation of lattice parameters for each sample
shown in Table 7.1. The two space groups are based on the infinite periodic minimal surface
and transitions between the two can be brought about by small changes in composition, shape
parameter or temperature.14
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Table 7.1: Structural parameters for various compositions of Ch-AOT and NaCl.

Concentration of Concentration of Phase q*
hkl

Characteristic
Ch-AOT (wt %) NaCl (wt %) Classification (nm-1) Length (Å)

20.04 0.00 L¸ 0.442 001 d¸ 142
19.79 1.04 L¸ 0.489 001 d¸ 128
19.90 1.35 L¸ – – –
19.91 1.49 L¸ – – –
19.95 1.83 L¸ – – –
19.90 2.04 L¸ 0.461 001 d¸ 138
20.00 3.03 L¸ 0.379 001 d¸ 166
19.99 3.96 L3 / L1 0.358 / – – d3 175 / –
19.09 5.01 L3 / L1 0.354 / – – d3 177 / –
19.20 6.02 L3 / L1 – – –

40.04 0.00 L¸ 0.988 001 d¸ 63.6
39.91 0.98 L¸ 0.902 001 d¸ 61.8
39.49 1.38 L¸ – – –
39.89 1.45 L¸ – – –
39.89 1.77 L¸ – – –
39.91 2.12 L¸ – – –
39.91 3.02 L¸ – – –
39.90 4.15 L¸ – – –
39.81 4.96 L¸ / L3 – – –
38.05 5.99 L3 – – –
40.02 7.02 L3 / L1 – – –
36.51 8.83 L3 / L1 – – –

60.00 0.00 L¸ 1.470 001 d¸ 42.7
59.97 1.07 L¸ 1.420 001 d¸ 44.2
60.07 1.25 L¸ – – –
60.06 1.51 L¸ – – –
59.94 1.78 L¸ – – –
60.14 2.02 L¸ 1.440 001 d¸ 43.6
59.64 3.05 L¸ 1.427 001 d¸ 44.0
58.50 4.07 L¸ 1.382 001 d¸ 45.5
57.80 4.97 L¸ / L3 1.397 / 1.345 001 / – d¸ 45.0 / d 0

¸ 46.7
57.33 6.07 L3 1.193 – d3 52.7
60.00 7.08 L3 / L1 1.433 / – – d3 43.8 / –

80.00 0.00 L¸ 1.957 001 d¸ 32.1
79.91 1.05 L¸ 1.949 001 d¸ 32.3
80.10 1.22 L¸ – – –
80.01 1.49 L¸ – – –
80.02 1.80 L¸ – – –
80.03 2.00 L¸ 1.956 001 d¸ 32.1
80.05 3.01 L¸ 1.834 001 d¸ 34.3
80.04 3.97 VII (Ia3d) 1.728 211 a 89.3
80.03 4.59 VII (Ia3d) 1.718 211 a 89.3
77.16 5.30 VII (Pn3m) 1.489 110 a 54.9
75.75 6.59 VII (Pn3m) 1.617 110 a 56.8

Note: d¸, d3 and a refer to the d spacing of the lamellar phase, the average bilayer correlation of the sponge
phase, and the cubic lattice parameter, respectively. d 0

¸ refers to the d spacing of a lamellar impurity present
in the sponge phase due to mutual solubilities. Where no values for q*, hkl and characteristic length are given,
samples were characterised solely using POM or the q* peak was not discernible from SAXS data.
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It should be noted that while samples presenting the Pn3m space group are at higher
NaCl concentrations, they are also at slightly lower surfactant concentrations than the Ia3d
samples (77.2 and 75.8 wt % rather than 80.0 wt %). This means the change in phase
behaviour could be a result of either salt concentration or the dilution of the surfactant, or
both. As such, the driving force cannot be determined with confidence. A transition from
Ia3d to Pn3m upon dilution is consistent with the expected phase progression in surfactant
systems, having been observed experimentally and theorised previously.14,204,289,290 However,
an Ia3d to Pn3m transition can also be rationalised upon the addition of salt, and has been
observed previously with other surfactant systems.291 The phase progression observed in
the Ch-AOT/NaCl system is likely to be a combination of the two factors, with the increased
NaCl concentration resulting in screening of van der Waals and electrostatic forces between
layers, and a reduction in the repulsion between adjacent headgroups. This results in a smaller
headgroup area, which promotes increasingly negative Gaussian curvature and increases the
spontaneous curvature of the bilayer. The progression from L¸ to Ia3d and Pn3m is commonly
observed upon increased temperature due to a continued swelling of the phase and an epitaxial
relationship has been shown between the (001), (220) and (111) planes, respectively.292 The
close relationship between cubic phases means that such transitions would result from only
subtle changes to the composition of the sample. Although a full phase diagram of this system
has not been produced, it is likely that such a phase diagram would reveal the formation of
more phases, such as an Im3m cubic phase, and a hexagonal phase at higher surfactant
concentrations.

Figure 7.17 (c) shows the recorded profiles for 60 wt % Ch-AOT samples. Two sharp Bragg
peaks are clearly defined for the system, before the addition of NaCl, at 1.47 and 2.94 nm-1.
These reflections remain for NaCl concentrations up to at least 4.1 wt % and are also present
in the bottom layer of the 5.0 wt % NaCl sample. These peaks confirm the retention of
lamellar ordering, and a gradual shift to lower q indicates a small increase in bilayer spacing
with increasing NaCl concentration, consistent with an increase in shielding of electrostatic
interactions. The loss of intensity and broadening of the second-order peak indicate a decrease
in structural ordering, and hence greater bilayer fluctuation, consistent with the increase in
bilayer spacing. The reduced order also suggests a change in defect behaviour on a local
lengthscale, likely an increase in size and/or number of connective passages or holes within
the bilayer. Such a conclusion is consistent with the phase transition observed upon the further
addition of NaCl (i.e. the top layer of the 5.0 wt % and the entirety of the 6.1 wt % NaCl samples).
These isotropic samples have similar SAXS spectra, indicating that they are the same phase.
Both present broad scattering between 0.66 and 4.45 nm-1, consistent with bilayer correlations
of a L3 phase.

The spectra of the 5.0 and 6.1 wt % NaCl samples also both display a peak in the same region
as the first-order lamellar peak observed at lower salt concentrations. In the case of 5.0 wt %
NaCl, this peak is sharp and can be explained by the presence of some lamellar phase due
to the mutual solubility of lamellar and sponge phases, meaning that the separation of the two
layers is likely inefficient. At 6.1 wt % NaCl, where the bulk sample was observed to be a single
isotropic phase, this peak is broader, although its presence is still likely due to the retention of
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Figure 7.17: (Continued on the following page.)
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Figure 7.17: Stacked SAXS plots showing the effect of increasing NaCl concentration at
surfactant concentrations of (a) 20, (b) 40, (c) 60 and (d) 80 wt % Ch-AOT (exact compositions
of each sample can be found in Table 7.1). Where samples presented two phases, they were
separated by centrifugation – the lower layer is presented in blue and the upper layer is shown
in red. Lamellar peaks are denoted by asterisks, with single and double asterisks indicating
first- and second-order peaks respectively. Peaks arising due to cubic reflections are denoted
by arrows and follow the ratios defined by the Miller indices of the assigned space groups as
labelled.
(a) At 20 wt % Ch-AOT, the loss in intensity of the first-order lamellar peak due to a L¸–L3
transition is seen.
(b) At 40 wt % Ch-AOT, the first-order lamellar peak is not always discernible and so the
scattering of L¸ and L3 phases in this region are very similar, although the coexistence of
both phases at 5.0 wt % NaCl (see Figure 7.16) confirms the transition, and the L3 phase is the
only phase existing at 6.0 wt % NaCl.
(c) At 60 wt % Ch-AOT, the clear loss of the second-order L¸ peak and a rise in diffuse broad
scattering is evident upon transition from a L¸ phase to a L3 phase. The first-order L¸ peak is
also diminished but does not disappear entirely. At 5.0 and 6.1 wt % NaCl this is likely due to
the retention of some regions of lamellar ordering due to difficulties in separating samples of
mutual solubility, see text for a fuller description of the scattering pattern. At a concentration
of 7.1 wt % this is due to a salting out process occurring and the formation of multiple phases
within the sample.
(d) At 80 wt % Ch-AOT, the transition from L¸ to successive VII phases of Ia3d and Pn3m space
groups is clear. The values and assignments of the marked reflections are listed in Table 7.1.

Figure 7.18: Plots showing the observed reciprocal d spacings vs.
p

(h2 + k2 + l2) for cubic
phases of the Ch-AOT system, where hkl are the assigned Miller indices. Correct assignment of
the lattice type and space groups is confirmed by the linearity of each plot and the intercept of
the fitted line at the origin. The lattice parameter for each graph is calculated as the reciprocal
of the gradient of each fit.
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small quantities of lamellar phase. This sample was analysed again after seven days rest, and
presented no distinguishable differences in scattering. This suggests the peak is not caused
by a metastable L¸ phase formed due to shear upon loading, but does not entirely rule it out
as these phases can persist for long periods of time.293 The peak may be due to sponge cell-
cell correlations; however, if observed, such a peak would be expected to appear at a slightly
lower q value (d3 is generally observed to be 1.2–1.5 times the size of d¸).26,27 Although,
Beck and Hoffmann have presented several examples of ionic systems forming non-classical
sponge phases where the broad correlation peak is observed at the same value of q as the L¸

peak.29,30,294 A similar system was also reported by Pal et al., although they opted to describe
the phase as a coacervate rather than a sponge phase.295 These non-classical sponge phases
have so far only been reported for ionic surfactant systems containing cosurfactants. We should
consider that a sample of 60 wt % Ch-AOT and 6.1 wt % NaCl equates to 0.91 Na+ ions per
AOT molecule. This is a significant amount of Na+ ions, which could allow the organic Ch+ ion
to adopt the role of a cosurfactant. At 7.1 wt % NaCl the bulk sample was no longer isotropic
and was observed to have undergone a “salting out” process, and as such is considered to
contain multiple phases. Both the broad scattering and the peak at approximately 1.45 nm-1

are, however, retained.

For concentrations of ~40 wt % Ch-AOT, the switch from anisotropy to isotropy that is clearly
evident under crossed polarisers is less obvious when looking at the SAXS profiles shown
in Figure 7.17 (b). At 40 wt % Ch-AOT, the intensity of the first-order Bragg peak is masked
due to the peak coinciding with the form factor minimum, and so all that is observed in both
the L¸ and L3 phases is broad diffuse scattering. However, there is a general trend with the
broad scattering shifting to lower values of q, with qmax decreasing from 2.98 to 2.26 nm-1 when
comparing samples with salt concentrations of 1.0 and 7.0 wt % NaCl. This trend equates to a
swelling of the phase, and an increase in the average pore size within the lamellar or sponge
bilayer due to extra curvature induced by the shielding of electrostatic forces. At 5.0 wt % NaCl
the two phases are present in the same sample. When analysed separately, the two layers give
superimposable SAXS spectra, a clear indication of the similar structure of the two phases.
This further highlights the degree of geometric distortion in the lamellar phase compared to its
ideal structure and thus confirms its sponge-like character on sub-micrometre lengthscales as
observed with cryo-SEM and discussed previously.

The SAXS profiles for 20 wt % Ch-AOT– see Figure 7.17 (a) – are similar to those observed for
40 wt % Ch-AOT, with the broad scattering of both the L¸ and the L3 phases being very similar.
However, the first-order lamellar peak is more evident at these surfactant concentrations, and
therefore so is the transition between the two phases in the SAXS spectra. The qmax of the
broad scattering shows a gradual shift to lower q numbers, indicating a general swelling of the
lamellar phase and increase in the average pore size within the bilayer when moving towards
the L¸–L3 transition. The pores, that become the characteristic distance of the sponge phase,
continue to swell upon increasing salt concentration.

Further evidence for the formation of a L3 phase is provided by cryo-SEM, with representative
images shown in Figure 7.19. Figure 7.19 (a) and (b) show the sponge phase formed in a
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Figure 7.19: Cryo-SEM images showing the variety of phases formed in samples of varying
Ch-AOT/NaCl/water composition. SEM allows the distinction between phases, with the L3
phase showing a bicontinuous structure and the absence of the domains and point defects
observed in the L¸ phase. Ch-AOT/NaCl concentrations of (a) and (b) 38.1/6.0 wt % (L3 phase),
(c) 60.0/1.1 wt % (L¸ phase), (d) 57.3/6.1 wt % (L3 phase), (e) 75.0/0.0 wt % (L¸ phase) and
(f) 75.8/6.6 wt % (VII phase). The inset in (b) shows an enlargement of the section indicated by
dashed line.

sample of 38.1 wt % NaCl with the addition of 6.0 wt % NaCl. Figure 7.19 (a) presents the
expected highly connected structure of the sponge phase. The structure is bicontinuous and it
is possible to trace a connected path throughout the image over several layers and over many
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micrometres. The variation in pore size giving rise to the broad SAXS scattering is evident, as is
the high degree of curvature characteristic of the sponge phase. Figure 7.19 (b) shows a small
region (not representative of the whole sample) that contains both L3 and L¸ ordering. The small
L¸ domain (~10 —m) is likely a metastable region induced by shear during sample preparation
and preserved during freezing. The lamellar ordering exhibited in this image is weak, with layers
clearly fluctuating and riddled with bridging defects. This highly connective structure and the
presence of large water channels indicate the phase has a bending rigidity close to that needed
for the neighbouring sponge phase. The boundary between the two domains is sharp, with
the domains connected via a series of bridging defects. Sharp boundaries between coexisting
L3 and L¸ phases have previously been reported296 and the connection of phases through
bridging defects is also consistent with previous observations.297,298

Figure 7.19 (c) and (d) show ~60 wt % Ch-AOT with the addition of 1.1 and 6.1 wt % NaCl,
respectively. At 1.1 wt % NaCl, the system presents a packed array of defined point defects
ranging in size from 100 nm to 10 —m, and suggests little deviation from the images shown
in the previous section for the Ch-AOT system without the addition of salt. However, in stark
contrast, the image at 6.1 wt % NaCl shows no lamellar defects or domains, instead presenting
the continuous disordered structure of the L3 phase. Although the images show different
magnifications, as expected there is a clear reduction in the size of the channels of the sponge
phase moving from 40 to 60 wt % Ch-AOT.

Figure 7.19 (e) and (f) show samples of ~75 wt % Ch-AOT – the former in the absence of
salt and the latter with the addition of 6.6 wt % NaCl. In the absence of salt, ordered layering
of bilayers is evident due to a L¸ phase. The fracture is predominantly perpendicular to the
bilayer and reveals the packing of a variety of domains of approximately equal size. For the
sample containing NaCl there is no evidence of lamellar ordering. Instead, the appearance
of a continuous but globular structure with obvious water channels, is consistent with the
assignment of the cubic phase from SAXS. The image shows similarities to SEM images
presented by Rizwan et al. of the Pn3m cubic phase and cubosomes formed by phythanol/water
systems, which were described as tortuous and nodular.299 However, the observation of cubic
ordering at the magnifications used and resolution achieved is not necessarily expected. As
such, we consider the possibility that the high surfactant content and 3D ordering in the cubic
phase could result in crystallisation upon freezing, resulting in the ordered structure observed.

The effect of increased salinity on the temperature and defect behaviour of the surfactant
was evaluated using polarising optical microscopy. It was observed that upon increasing the
concentration of NaCl, the transition temperature of the lamellar phase was increased. For
~60 wt % Ch-AOT, the lamellar phase was observed to melt at 110, 117 and 131 �C at NaCl
concentrations of 0, 2 and 4 wt %, respectively.‡ A similar increase of phase transition temper-
ature was reported by Sutton et al. for phospholipid mixtures of phosphatidylethanolamine and
phosphatidylglycerol,300 a possible indication that the behaviour of the Ch-AOT system could
be biologically relevant or analogous to biological systems. Upon heating of L3 phase samples,
no evidence of a temperature driven L3 to L¸ transition was observed. These observations are

‡Example POM images can be found in Appendix C.
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in contrast to the sponge phase observed in the Na-AOT/NaCl/water system90 and those of
the K-AOT and NH4-AOT systems discussed previously, in Chapters 5 and 6, which presented
high temperature L¸ phases.

Figure 7.20 shows the change in defect behaviour observed using polarising optical microscopy
upon increasing NaCl concentration at 60 wt % Ch-AOT. Up to a concentration of 2.0 wt %
NaCl, the lamellar phase is unchanged from samples without salt. Small, orientated, streaky
domains are observed alongside mosaic regions, which upon rotation of the sample stage
are revealed to contain streaky domains oriented along a different director axis. As shown in
cryo-SEM Figure 7.19 (c), these domains are regions of packed, distorted and interacting point
defects. At a NaCl concentration of 3.0 wt %, these small domains have clearly changed, with
the oily streaks appearing more separated and longer in length. The appearance of central
nodes from which oily streaks propagate implies that the sample has undergone flow upon
placement of the cover slip, an indication of the decreasing viscosity and gradual loss of
long-range order upon increasing NaCl concentration. Upon increasing the NaCl concentration
further, this trend continues, with individual defect centres within oily streaks discernible at
4.0 wt % NaCl. The defects are clearly no longer tightly packed, an indication of both increasing
disorder in the phase and a thinner texture due to a decrease in viscosity upon approaching
the L¸–L3 phase boundary. The decrease in viscosity upon increasing NaCl concentration was
quantified used rheology, and is shown in Figure 7.21. At 5.0 wt % NaCl, large isotropic regions
are presented between regions of lamellar defects due to the presence of the L3 phase in this

Figure 7.20: POM images showing the change of defect behaviour in the lamellar phase at
~60 wt % Ch-AOT upon increasing salt concentration (at ~25 �C). The NaCl concentrations
shown are (a) 1.1, (b) 2.0, (c) 3.0, (d) 4.1 and (e) 5.0 wt %. Scale bars are 100 —m.
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biphasic sample. The change in optical textures show that the loss of long-range order in the L¸

phase is continuous upon increasing the salt concentration. This is due to the gradual change
in the spontaneous curvature of the bilayer induced with increasing salt concentration.

Figure 7.21: A plot of viscosity vs. time for samples of ~60 wt % Ch-AOT with the stated NaCl
concentrations. The viscosity was measured by rheology at a constant shear rate of 1 s-1 and
decreases with increasing salt concentration.

Addition of Salt to the Choline AOT System: Summary

The ability of the Ch-AOT system to retain lamellar behaviour upon the addition of up to
5 wt % NaCl, which equates to a salt concentration in excess of 1 mol L-1, indicates the
phase is very stable and has the ability to accommodate the presence of salt straightforwardly
– perhaps due to the richness of defects and hugely varying curvature. The addition of salt to a
bilayered system increases the electrostatic shielding between the surfactant headgroups and
thus results in increased negative Gaussian curvature and enhanced bilayer elasticity. For an
ordered bilayer system to still be energetically favoured at high salt concentrations, over almost
the whole concentration range of surfactant (even at low surfactant concentrations), implies that
the balance between headgroup and tail volume in the Ch-AOT system is close to ideal. We
have demonstrated that it takes a significant alteration in the energy of the system to induce
a change in the phase behaviour. This further highlights the efficient and flexible surfactant
packing in the Ch-AOT system discussed above. Even when a salt-induced phase transition
occurs in the system, at most concentrations the bilayered structure of the sponge phase is
formed, itself a highly disordered variant of the lamellar phase.

The superior stability of the Ch-AOT system is in stark contrast to the two systems presented in
previous chapters that paired the sulfonate AOT headgroup with other chaotropic ions. The
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K-AOT and NH4-AOT systems produce a multitude of different phases. Like the Ch+ ion,
both K+ and NH +

4 are weakly hydrated and form closer ion pairs with the AOT headgroup
than the Na+ ion does. However, these systems can be manipulated by tuning electrostatic
forces, and transitions between L3, L¸ and VII phases can be induced with adjustments to
the temperature or salt concentration. This is because the elastic constants (» and »̄) are
susceptible to changes in the intermolecular forces and so when the electrostatic repulsion
between headgroups is increased, the increasingly positive »̄ causes the formation of the
highly curved sponge phase. In comparison, the tightly bound Ch+ ion, which also results in
reduced headgroup repulsion and increased van der Waals attraction, provides significant bulk
and steric repulsion to the headgroup to overcome the electrostatic forces. This has the effect
of increasing the elastic constant » (the bending rigidity) and so changes in the surfactant
concentration and temperature are not sufficient to induce phase transitions, and only the
addition of large amounts of salt can drive the system away from the energetically preferred
lamellar phase.

Acetylcholine AOT: Experimental Results

Given the impressive stability of the lamellar phase in the Ch-AOT system (which was the dom-
inant phase over a large concentration range and persisted upon the addition of large amounts
of salt), it should be expected that the AcCh-AOT system may exhibit similar behaviour. The
inherent bilayer curvature is clearly restricted in the Ch-AOT lamellar phase due to the strong
binding of the bulky choline counterion, and replacing it with another bulky counterion will likely
produce the same effect. However, despite the enforced bilayer rigidity in the Ch-AOT system
resulting in the adoption of the on average “flat” morphology of the L¸ phase, the changes in
defect behaviour revealed that the Gaussian curvature still changed from positive to negative
with increasing concentration. This resulted in the formation of highly curved structures due to
increasing inversion of the molecule. Moving from choline to acetylcholine introduces an even
larger counterion to the molecule, and thereby introduces the potential for the additional bulk to
alter the surfactant packing sufficiently to allow a reversion back to Type I morphologies, or for
the coordination between the counterion and surfactant to be further disrupted, promoting ionic
liquid properties.

Acetylcholine AOT Phase Behaviour

The phase behaviour of the AcCh-AOT system is presented alongside that of Ch-AOT in
Figure 7.22. The two systems are clearly similar, with the lamellar phase dominating the phase
diagrams of both systems. Neither a reversion to Type I morphologies or the low melting point
of an ionic liquid is observed in either system.
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Comparison of the two diagrams shown in Figure 7.22 yields several areas of distinction:

• The two-phase region of the AcCh-AOT system is extended to higher concentrations
(25 wt % vs. 20 wt % surfactant at 25 �C).

• The two-phase region of the AcCh-AOT diagram is also marked as two regions, dis-
tinguishing between different observed behaviours with regard to the cloud point of the
surfactant above and below 15 wt %.

• A crystalline phase is formed in the AcCh-AOT system at a concentration of ~92 wt %
surfactant, which transitions to a lamellar phase upon heating.

• The stability of the lamellar phase is reduced at high temperatures in the AcCh-AOT
system.

Figure 7.22: Phase diagrams of AcCh-AOT (left) and Ch-AOT (right). The two-phase region
is depicted by 2P and 2P(cl) to distinguish between the phase-separated and cloudy regions,
respectively.

Similar to the Ch-AOT system, the AcCh-AOT system displayed a cloud point in the two-phase
region prior to the formation of a pure lamellar phase. In the AcCh-AOT system this can be
further split into two regions. Between 15 and 25 wt % surfactant, samples appeared cloudy.
At lower concentrations clear separation was achieved by centrifugation, yielding a surfactant-
rich cloudy layer and a water-rich isotropic layer. The structural differences between the 2P
and 2P(cl) areas on the phase diagram is likely small. The observed change from two layers
to one cloudy layer may be due to either increasing solubility with increasing concentration or
simply due to increased proportion of the cloudy phase to water phase. Although the cloudy
phase could not be separated by centrifugation, it was confirmed to be biphasic by POM, readily
forming lamellar and isotropic domains.

As with the Ch-AOT system, the existence of a cloud point in the AcCh-AOT system reveals
information about the interactions between the counterion and the headgroup. The existence
of cloud points in anionic surfactants is not standard behaviour and has primarily been re-
ported for systems containing a tetraalkylammonium counterion.278–280 These bulky quaternary
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ammonium cations (including both acetylcholine and choline) are soft cations. The positive
charge on the nitrogen atom is shielded by the surrounding alkyl groups, resulting in weakly
hydrated ions and hydrophobic interactions with water. As such, they form strong ion pairs
with soft headgroups, such as the sulfonate moiety in AOT. This results in the formation of
structures with hydrophobic interfaces (in this case the formation of MLVs), which aggregate
together resulting in poor solubility in the water phase, producing turbid cloudy samples. The
presence of a cloud point in this system confirms that the acetylcholine counterion forms a
strong ion pair with the AOT headgroup and has poor interactions with bulk water.

At the opposite end of the phase diagram, the pure crystalline phases of Ch-AOT and
AcCh-AOT are stable to high temperatures. However, the stability of the crystal lattice is
severely disrupted upon the addition of water. AcCh-AOT can incorporate up to 8 wt % water (at
25 �C) into its crystalline phase; however, this occurs at a cost in terms of entropy with the water
clearly destabilising the crystalline order upon heating. This results in the reappearance of the
L¸ phase. This transition from a crystalline phase to a L¸ phase upon heating, in conjunction
with the SAXS profiles of the crystalline phase presenting Bragg spacings indicative of layered
ordering, suggests that the crystalline solid could be a crystalline lamellar (Lc) phase. This
would mean that the phase transition between the lamellar and crystalline phases is not a
major structural reorganisation, but is due to solidification of the alkyl tails, which then return to
their molten form upon heating.

At concentrations up to 60 wt % surfactant, the transition temperatures between the L¸ phase
and the isotropic fluid match very well between the AcCh-AOT and Ch-AOT systems. Above
this concentration, the L¸ phase of the Ch-AOT system is retained at temperatures up to
15 �C higher than that of the AcCh-AOT system. Although both ions are weakly hydrated, the
increased stability of the Ch-AOT system is likely a result of hydrogen bonding with the water
network. This was observed in the NH4-AOT system in Chapter 6, where the melting transition
of the lamellar phase was higher than that of any of the other systems presented in this work.
The choline counterion has greater hydrogen bonding capability (through the hydroxyl group)
than the ester functionality of the acetylcholine ion. A reduced contribution through hydrogen
bonding, combined with the possible additional steric bulk if the counterion dissociates, results
in greater disruption to the water network in the AcCh-AOT system.

One observation that is not evident from the phase diagrams, and is a possible indication of
their relative hydrogen bonding abilities, is the hygroscopic nature of each surfactant. Although
both form crystalline phases when pure and sufficiently dried, in the case of Ch-AOT, achieving
this required the use of inert atmosphere. Upon exposure of Ch-AOT to moisture in the air, it
was rapidly and visibly altered, forming the concentrated lamellar phase. In contrast, a pure
AcCh-AOT sample showed negligible change by weight after exposure to the air for one hour.
This is an indication that the Ch+ hydroxyl group is readily available for hydrogen bonding, while
the ester of AcCh+ is not.

237



Chapter 7

Acetylcholine AOT SAXS

SAXS profiles for samples of increasing AcCh-AOT concentration are shown in Figure 7.23,
confirming the assignment of the lamellar phase that exists from 25 to 92 wt %. Samples below
15 wt % are of weak intensity and show only broad scattering. Samples at 30 and 35 wt %
coincide with the form factor minimum and do not display a first-order peak, as has also been
observed in previously described systems. However, the binding of the acetylcholine counterion
does significantly alter the form factor of the bilayer. There is a significant reduction in diffuse
scattering, resulting in the appearance of sharp and well-defined third order Bragg peaks. The
reduction in diffuse scattering implies a decrease in the long-range Helfrich repulsion forces
that arise due to out-of-plane fluctuations. This results in decreased bilayer elasticity.301

The SAXS spectra at 95 and 100 wt % show the formation of a crystalline phase at high
surfactant concentrations of AcCh-AOT. At 100 wt %, a sharp and intense reflection at a q
spacing of 2.89 nm-1 is accompanied by a sharp peak at 5.78 nm-1, a broad hump consisting
of a number of peaks centred at ~4 nm-1 and a significant tailing of the primary peak itself.
The pattern does not fit with the scattering of any typical lyotropic phase, although the peak at
5.78 nm-1 is consistent with being either a second-order L¸ peak or the

p
4 reflection due to

hexagonal ordering. This implies the existence of a periodic repeating unit in one direction, with
a d spacing of 21.8 Å that correlates to the q* peak.

The shift of q* to a higher value in comparison with that observed in the lamellar phase results in
a reduction in the characteristic length (21.8 vs. 24.5 Å at 100 and 90 wt %, respectively). This
allows the inference of several conclusions. Firstly, it rules out the formation of any rippled or gel
lamellar phases, as these phases result in an increase in bilayer thickness in comparison with
the fluid state.‡ However, it does not rule out a crystalline lamellar or hexagonal arrangement.
The reduction in d also results in a spacing comparable to the thickness of the bilayer observed
in the lamellar phase, and so if the crystallised morphology is based on a bilayered structure,
then the layers are close to aggregation. Such a low value indicates that the hydrated steric
repulsion is significantly reduced upon formation of the crystalline phase, which implies that
the bulky AcCh+ ion is embedded within the surfactant headgroups, that the alkyl chains are
efficiently packed and ordered, and that the headgroup and counterion are dehydrated. The
headgroup dehydration is confirmed by the sharp peaks at 7.14 and 7.70 nm-1, which arise due
to headgroup correlations.285,286

The absence of a
p

3 reflection rules out a hexagonal arrangement, but the possibility of
a crystalline structure based on lamellar ordering is supported by the temperature-induced
crystalline to L¸ transition. However, the presence of other peaks means that the structure
is likely to be more complicated and the defect behaviour at high concentrations (shown in
the cryo-SEM section below) implies an inherent desire of the bilayer to curve (i.e. for the
alkyl chains to splay), which will be further enhanced upon dehydration of the headgroup.
This indicates a deviation from ideal flat layers, but it also shows that the preferred packing

‡An increase in interdigitating of surfactant molecules allowing a condensed rippled phase is unlikely as the
AOT tail groups are already in an interdigitated configuration.
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Figure 7.23: SAXS profiles of the AcCh-AOT system with increasing surfactant concentration.
Peaks marked by asterisks are Bragg peaks due to the L¸ phase. Samples at 95 and 100 wt %
AcCh-AOT are crystalline and the space group has not been assigned. The labelling of peaks
as Lc (crystalline lamellar) is to indicate one possible space group.
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arrangement of the molecules is that of a bilayer. Some support for a lamellar arrangement is
shown in the 2D SAXS profiles shown in Figure 7.24. At 90 wt % AcCh-AOT, the scattering of
the lamellar phase has orientational order due an ordered lamellar phase. At 95 wt %, some
traces of this lamellar phase remain, along with the q* reflection of the crystalline phase. Both of
these phases show ordered scattering in one direction that is consistent with a lamellar phase,
as do the weak second-order reflections. At 100 wt % AcCh-AOT, all reflections present as
isotropic Debye-Scherrer rings, indicative of a polycrystalline sample with crystallites of varying
size and orientation. However, the positions of the peaks at 100 wt % are not shifted from those
at 95 wt %. As such, the reflections observed are due to the same phase that presented the
clear orientation at 95 wt %.

Figure 7.24: Plots of q* intensity vs. azimuth angle for concentrations of 90, 95 and 100 wt %
AcCh-AOT, and the corresponding 2D SAXS profiles.

The correlation between the scattering at 95 and 100 wt % AcCh-AOT is also evident in
the WAXS region, where both present an array of sharp and intense peaks at equivalent
q values. Figure 7.25 shows this region for 90 and 100 wt % AcCh-AOT, alongside those
of Ch-AOT, representing the lamellar and crystalline phases of each system. The crystalline
phase of AcCh-AOT does not result in broad scattering due to fluid alkyl chains, but instead
results in a far more complex series of sharp peaks in comparison with the biphasic and
extremely hygroscopic Ch-AOT. These peaks indicate the complete dehydration and ordered
packing of the AcCh-AOT headgroup, tails and counterion, which allows the steric hydration
forces to be overcome. The complex array of diffraction peaks upon dehydration is rational,
as AOT has three chiral centres and so exists as four enantiomeric pairs, while acetylcholine
has four rotational bonds, giving nine distinct conformations. This results in a large range of
possible interactions upon crystallisation. Comparison of the WAXS region with the powder
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Figure 7.25: WAXS profiles for AcCh-AOT and Ch-AOT at concentrations of 90 and 100 wt %.

X-ray diffraction pattern of acetylcholine chloride did not allow the assignment of specific peaks
to the acetylcholine counterion.302

The centring of the broad scattering of the fluid alkyl chains in the lamellar phase is lower than
the expected 14.9 nm-1.14 This is representative of the inter-surfactant correlations between
alkyl chains and implies the tails in both systems are splayed due to an inverted surfactant
shape. This is confirmed through the formation of defects presented in the microscopy sections.
The lower value for Ch-AOT (13.2 vs. 13.8 nm-1) suggests that the chains are further apart in
this system, consistent with the formation of a hexagonal phase above 98 wt % in Ch-AOT, but
AcCh-AOT remaining layered.

The swelling behaviour of AcCh-AOT upon dilution is represented in Figure 7.26, which shows
the change in d spacing of the lamellar phase with concentration. The d values of Na-AOT
and Ch-AOT are also shown for comparison. The graph can be split into three regions, with
AcCh-AOT deviating from ideal 1D swelling at the high and low concentration ranges.

Figure 7.26: Changes in d spacing with increasing concentration for the AcCh-AOT, Ch-AOT
and Na-AOT systems. The dotted green lines indicate the limits of 1D swelling in the AcCh-AOT
system.
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At the high concentrations, a deviation from 1D swelling occurs when approaching and sur-
passing the lamellar to crystalline phase boundary. Although the crystalline structure has not
been confirmed to consist of stacked bilayers, the values of d for this phase are included to
illustrate the efficiency of the AcCh-AOT system in overcoming interbilayer repulsion forces
at high concentrations. Given that the contribution of the bilayer thickness to the d spacing
is ~20 Å, then the measured d spacing of 21.8 Å in the pure surfactant, and 24.8 Å in the L¸

phase, indicate that the bilayers are separated by less than 5 Å.‡ Israelachvili states that “under
natural conditions, fluid bilayers are unlikely to approach closer than 20 Å”.132 For AcCh-AOT
bilayers in the L¸ phase to stack so closely, they must overcome both the electrostatic repulsion
and steric repulsion forces that prevent the aggregation of bilayers and drive the formation of
curved mesophases in the systems discussed previously. The headgroup and counterion must
be strongly dehydrated, and the AcCh+ ion must efficiently shield the charge of the SO –

3 moiety
and pack within the bilayer.

At lower concentrations (between the lines indicated in Figure 7.26), the AcCh-AOT system
shows 1D swelling and follows the values for the Ch-AOT system closely, although the d spacing
is consistently ~4 Å smaller. This difference can be explained in two ways, both of which are a
result of the AcCh+ counterion forming a closer ion pair with the sulfonate headgroup. Firstly,
from a purely steric point of view, the tighter binding of the AcCh+ counterion may result in a
smaller bilayer thickness than the Ch+ ion, and hence a reduced bilayer contribution to the d
spacing. Of the two ions, AcCh+ is the larger and so must pack more efficiently than the Ch+

ion for this to be the case. Both counterions are predominantly hydrophobic and so a packing
arrangement penetrating the bilayer is feasible. However, in the case of the Ch+ ion, this may be
compromised by the terminal hydroxyl group, which has good affinity with water, making the Ch+

ion amphiphilic. As such, it is likely that the hydrophobic effect would promote a configuration
in which the OH group is orientated towards the water, possibly protruding from the headgroup,
where it will increase the thickness of the bilayer.

The second explanation considers the effect of counterion binding on the forces that govern
the repeat distance. Bilayer swelling is caused by long-range repulsive forces that outweigh the
long-range attractive forces. If the relative contribution of long-range attractive forces is greater
in the AcCh-AOT system than in the Ch-AOT system, then the value of d will be lower. This is
likely, as the AcCh+ ion will alter the intermolecular forces in the following ways:

• Electrostatic repulsion: The reduced hydration of the AcCh+ ion will result in a reduction
of the electrostatic repulsive forces both between adjacent headgroups and between
bilayers. A reduction between bilayers would result in a decrease in d spacing. A reduction
between headgroups would normally lower the bending rigidity of the bilayer and increase
the entropic repulsion due to undulation. However, the incorporation of such a large
counterion into the headgroup would more than compensate for this through steric
hinderance, resulting in a more rigid bilayer.

‡The approximate value of the bilayer thickness is based on that quoted for Na-AOT.63 Given the comparative
bulk of the AcCh+ ion and the higher d spacings at equivalent concentrations, the bilayer thickness of AcCh-AOT
will likely exceed the 20 Å quoted.
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• van der Waals attraction: The increased atomic mass and polarisability of the AcCh+ ion
will result in an increase in the van der Waals attraction forces between bilayers.

• Steric hydration repulsion: The steric hydration forces will only be significant at interbilayer
distances within 30 Å; however, the reduced hydration will result in AcCh+ being more
effective at negating these forces.132

• Helfrich repulsion: The increased steric repulsion of the tightly bound and bulky AcCh+ ion
will increase the bending rigidity of the bilayer, and hence the energy cost of undulation,
resulting in a reduction in Helfrich repulsion.

Despite the above interactions, which promote greater attraction between bilayers (and also
apply to the Ch+ ion when compared to the small, hard ions of the alkali metal systems), the
AcCh-AOT and Ch-AOT systems display larger d spacings than the Na-AOT system over the
same concentration range. This can be attributed to the contribution of the ions to the bilayer
thickness. Despite the evidence for efficient packing and strong ion pair formation, they will
still result in increasing the size of the headgroups (in both monolayers) as they still possess
significant bulk in comparison to the sodium ion (the hydrated radius of Na+ is 3.58 Å when fully
hydrated, AcCh+ is an organic molecule at least twice this size and comparable in size to one
of the AOT alkyl chains).

Within the cloudy two-phase region, and at the lower concentration end of the AcCh-AOT lamel-
lar region, deviation from 1D swelling is observed. The AcCh-AOT system shows comparatively
limited swelling and at concentrations of 20 wt %, both the Ch-AOT and Na-AOT systems
are considerably more swollen, with the difference between AcCh-AOT and Ch-AOT systems
being ~45 Å (143.6 and 97.9 Å respectively). This can also be explained by the increase
in the relative contribution of the attractive rather than repulsive intermolecular forces. The
larger differences at low concentrations (high d spacings) is due to the reduced importance
of steric and electrostatic effects in comparison with Helfrich and van der Waals forces. A
possible cause is the bilayer approaching its swelling limit due to Helfrich undulations being less
favourable, and so excess water is not stored within bilayers but expelled into the water-rich
phase (likely a disordered micellar or vesicular solution). This would result in the surfactant-
rich phase having a higher effective concentration with reduced d spacing. Similar retarded
swelling behaviour has been reported in other binary surfactant and water systems.303–305 In
the case of the anionic surfactant caesium dodecylbenzenesulfonate, this was also caused by
the tight counterion binding of a large and poorly hydrated counterion, and resulted in “mildly
flocculated” lamellar droplets similar to those reported in the POM section below.305 In the
didodecyldimethylammonium bromide system it was attributed to an osmotic effect, where the
equilibrium between the pressures of the two phases restricted the swelling of the lamellar
phase, due to the compression of the micellar phase being unfavourable.304

Acetylcholine AOT Optical Microscopy

POM images for AcCh-AOT are shown in Figure 7.27. Given the similarities between the
AcCh-AOT and Ch-AOT phase diagrams, and the close agreement of the lamellar repeat
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distances at concentrations above 40 wt % surfactant, it is not surprising that the microstructure
of the systems also share a close resemblance. Between 37 and 41 wt %, AcCh-AOT samples
pass through a period of zero birefringence, as observed in most of the systems studied in this
body of work. This is due to a decrease in the negative contribution to the bilayer birefringence,
owing to a transition from fluctuating bilayers to more ordered stacks. This occurs upon reaching
the bilayer repeat distance where electrostatic forces begin to stabilise the system over the
entropic Helfrich repulsion.

At concentrations above 40 wt % AcCh-AOT, the optical textures show a continuous change
in defect type upon an increase in concentration, with defects averaging negative Gaussian
curvature becoming increasingly dominant. Between 45 and 60 wt %, these defects were
observed to increase in number, decrease in size and begin to pack together. Many also
formed small groups of oily streaks. Above 60 wt %, this increased interaction between defects
continued, with streaky textures gradually giving way to mosaic patterns formed by a rich
array of tightly packed and distorted defects, indicating a highly curved structure of small and
randomly orientated domains.

At AcCh-AOT concentrations above 92 wt %, samples were highly iridescent under polarised
light and were comprised of small hydrated crystals. At 100 wt %, the pure surfactant presented
larger plate-like crystals. However, the crystal morphology was dependent upon the crystallisa-
tion method. When allowed to slowly cool from solution, bâtonnet-shaped crystals were formed.

At low concentrations (below ~35 wt %), the presented POM textures of the AcCh-AOT system
differ significantly from those presented previously for the Ch-AOT system (see Figure 7.9) and
the NH4-AOT and alkali metal systems. In this concentration range, the d spacings obtained
by SAXS are dramatically different for the AcCh-AOT and Ch-AOT systems. This is due to the
different hydrophobic effects of the counterions resulting in different cloud point behaviours. The
AcCh+ ion promotes more efficient phase separation, seen through the formation of separate
layers in samples and with the extension of the two-phase region to higher concentrations. This
is likely due to the terminal OH group of the Ch+ ion, which will increase the solubility of the
headgroup and stabilise the formation of lamellar aggregates in the Ch-AOT system.

At concentrations below 15 wt % surfactant, AcCh-AOT samples separate into two clearly
different layers. The POM textures within this region show some lamellar defects within
a predominantly isotropic texture. The use of a full wave retardation plate revealed that
the defects are not incorporated within the same phase as the isotropic background, but
exist as large droplets with a clear interface. This shows the clear separation between the
phases and indicates the possible formation of multivesicular bodies. As the concentration was
increased, these lamellar droplets began to aggregate, forming microdomains comprised of
MLVs. Between 15 and 25 wt %, where samples appear as one cloudy layer, the samples
continue to show separate domains under the microscope. However, the domains are larger
and appear as packed arrays of defects of both negative and positive Gaussian curvature.
Over time, connections form between the domains through the formation of oily streaks.
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Figure 7.27: POM images of AcCh-AOT with increasing concentration at ~25 �C. Deviation
from the behaviour observed in previously discussed systems is seen at lower concentrations,
due to the cloud point of the surfactant. With increasing concentration, oily streaks, mosaic
patterns and crystals are observed. At 100 wt %, the left and right images show the structure
at 25 �C before and after melting, respectively. Scale bars are 100 —m. Additional images can
be found in Appendix C.
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Figure 7.28 shows a sample of 20 wt % AcCh-AOT. The image shows the dynamic interface
between the surfactant-rich and water-rich phases. The two regions were observed to evolve
over time. MLV defects of varying size were continuously formed at the edge of the surfactant-
rich phase, before moving into the water-rich phase, and then breaking down and becoming
isotropic. The average lifetime of the MLVs was approximately 200 s.

Figure 7.28: POM image of a 20 wt % AcCh-AOT sample at ~25 �C, showing the interface
between the two phases. Multilamellar vesicles are formed at the edge of the surfactant phase
and released into the bulk water phase, where they subsequently breakdown within ~200 s.
Scale bar is 100 —m.

At 30 to 35 wt % AcCh-AOT, the bulk samples were observed to be a single lamellar phase.
However, they were also evident upon handling to be of low viscosity. As such, flow behaviour
was evident under the microscope upon the placement of the cover slip, forming streaky
textures and at 30 wt %, some phase separation. This formation of defects with negative
Gaussian curvature at low concentrations, and subsequent separation, are an indication of the
low viscosity of the phase. This is a result of the hydrophobic nature of the AcCh+ counterion.
However, it does not represent the true equilibrium system. Such separation under flow may
explain the low d spacing values obtained via SAXS, as samples were loaded using a flow cell.

Acetylcholine AOT Cryo-SEM

The cryo-SEM images of AcCh-AOT show a now familiar trend. High degrees of positive
curvature and interbilayer connectivity at lower concentrations gradually give way to tightly
packed layers, forming concentrated defect arrays of predominantly negative Gaussian curva-
ture. Although this system has increased bilayer rigidity and steric bulk, which prevent formation
of the inverse phases observed in the alkali metal and NH4-AOT systems, the cryo-SEM images
show that similarly to the Ch-AOT system, the bilayer is far from the flat ideal. Each monolayer
within the bilayer still has an inherent need to curve away from the other, and the energy cost
associated with adopting the bilayer structure is met through the formation of highly curved
defects that stabilise the phase.
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The cryo-SEM images of 15 wt % AcCh-AOT, shown in Figure 7.29, are in good agreement
with the POM observations. Both techniques clearly show separation into two phases, with the
major phase being the bulk water phase, which was removed by sublimation revealing large
voids and channels of up to 5 —m in size. The surfactant phase is clearly comprised of MLVs
ranging from 0.5 to 4 —m. In some regions the larger of these MLVs are observed to have
aggregated, forming microdomains of L¸ phase. Many of the smaller MLVs also show evidence
of aggregation, appearing to create a randomly interconnected network. Given that this is a fluid
system, such connections are likely continually forming and breaking, but will lead to increasing
aggregation, promoting the formation of larger MLVs and eventually lamellar structures upon
increasing concentration.

Figure 7.29: Cryo-SEM images of a sample of 15 wt % AcCh-AOT. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

These images are similar to those of Ch-AOT at the same concentration (see Figure 7.11), in
terms of the surfactant phases being comprised of MLVs. However, in the AcCh-AOT system,
their maximum size is smaller (4 vs. 10 —m) and the surfactant network is less continuous.
At this concentration the cloudy Ch-AOT samples did not separate into layers, whereas the
AcCh-AOT samples did. If the surfactant phase of AcCh-AOT is less connected, then this could
explain the greater propensity for the system to separate. Conversely, the separation may be
the cause of the observed lack of connectivity. The separation of samples into layers means
that we cannot have confidence that the composition of the observed region truly represents
15 wt % surfactant. Within the two-phase regions, calculated values for the d spacing were
significantly lower for the AcCh-AOT system than for Ch-AOT, implying that the bilayers are
closer together and that more water is expelled into the bulk water phase. This could explain
the larger water channels observed in the AcCh-AOT system, although again, the reduced d
spacing could be a result of the separation rather than the cause.

At the higher concentration of 25 wt % AcCh-AOT, shown in Figure 7.30, only one phase is
observed. Large channels due to the bulk water phase are not present. Instead, a continuous
and highly defective lamellar phase is observed. On a local scale there is a large amount
of connectivity, which combined with the lack of defined domain boundaries, is similar to the
swollen L¸ phases with sponge-like character observed in the alkali metal and ammonium
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systems at similar concentrations. The lack of defined domain boundaries indicates a fast and
continuous rearrangement of the lamellar directional ordering and implies a low viscosity phase.
FCD-II defects up to 5 —m in size exist throughout the structure.

Figure 7.30: Cryo-SEM images of a sample of 25 wt % AcCh-AOT. Red circles identify a
selection of FCD-II defects of varying size. The inset shows the corresponding POM image,
with a scale bar of 50 —m.

The FCD-II defects present at 25 wt % AcCh-AOT are different in appearance to those of the
Ch-AOT system, which were often elongated along one axis and existed alongside large water
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channels. Differences between the two systems at this concentration are expected and were
also observed by POM. The systems have very different d spacings (86 Å in AcCh-AOT and
106 Å in Ch-AOT), and for AcCh-AOT this concentration is in close proximity to the 2P–L¸

phase boundary.

Figure 7.31 shows cryo-SEM images of 50 wt % AcCh-AOT, and the continuity with the 25 wt %
sample is obvious. The phase still displays a high amount of connectivity and some FCD-II
defects. However, the phase is also more ordered, displaying regions with a clear average
direction and the formation of FCD-I defects. The FCD-I defects are observed to form oily
streaks of up to 8 —m in length. Examples of each of these behaviours are marked on the
figure.

The differences between AcCh-AOT and Ch-AOT at 50 wt % are not as striking as at lower
concentrations, which correlates with them having similar POM textures and d values within
2 Å. However, it is evident at high magnifications that the Ch-AOT system contains areas with
larger and more closely packed defects than those observed for AcCh-AOT. The distortion of
neighbouring defects resulted in hexagonal-like packing, requiring small regions of extreme
bilayer curvature. If the binding of AcCh+ to the AOT headgroup results in even greater
bilayer rigidity than in the Ch-AOT system, then such extreme curvature would be even less
energetically favourable.

The images at 75 wt % AcCh-AOT (see Figure 7.32) show various behaviours depending upon
the angle along which the region has fractured. In general, the behaviour is clearly similar to
that observed in the other systems, and matches well with the mosaic patterns shown by POM.
There is a clear decrease in the bilayer connectivity due to the loss of undulations upon a
reduction in d spacing. Many FCD-I defects of negative Gaussian curvature are present. These
defects are packed into oily streaks, which appear in orientated groups as large as 20 —m, or as
shorter streaks of ~3–4 —m in length, which are packed into the highly curved mosaic structure.
The individual defect components are mostly below 0.5 —m in size.

In some regions, we observe what appear as ordered and relatively flat domains. These are up
to 20 —m in size and are segregated by highly defective grain boundaries composed of small
defects, which are presumably also oily streaks. At higher magnifications and when viewed
from above – see Figure 7.32 (f) – we see that these ordered “flat” domains are punctured
with indentations or “pits”. The grouping and size of these indentations implies that they are not
connective channels through the bilayer, but are the result of the defect behaviour in the layers
below. If we consider the nature of the formation of oily streaks, we can conclude that these
indentations likely result from the edge dislocations that connect the individual FCD-I defects.

The cryo-SEM images for the Ch-AOT and AcCh-AOT systems at 75 wt % are very similar,
and both show good agreement with their POM textures. In general, the defect behaviour of the
two systems is observed by cryo-SEM to become more similar with increasing concentration.
This is logical, as the calculated d spacings of the two systems differ significantly at low
concentrations, but trend towards the same value at higher concentrations. As the surfactant

249



Chapter 7

Figure 7.31: Cryo-SEM images of a sample of 50 wt % AcCh-AOT. Examples of different defect
types are marked in red, with circles indicating individual FCD defects and boxes indicating
oily streaks composed of FCD-I defects. Arrows indicate the average directional order of local
bilayers. The circles in (c) indicate the packing of the FCD defects. The inset shows the
corresponding POM image, with a scale bar of 50 —m.

concentration increases, any differing contributions of the counterions to the balance between
long-range repulsion and van der Waals attraction forces become negligible in comparison with
the electrostatic repulsion and steric hydration forces that start to dominate.
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Figure 7.32: Cryo-SEM images of a sample of 75 wt % AcCh-AOT. Red boxes highlight oily
streaks, grain boundaries and pitted defects as described in the text. The image in (e) is an
enlargement of the area marked in (c). The inset shows the corresponding POM image, with a
scale bar of 50 —m.

Acetylcholine AOT: Summary

Over the previous sections the characterisation of the mesophase behaviour was reported for
the novel surfactant AcCh-AOT. The pairing of a bulky and hydrophobic counterion with AOT
resulted in a system with an extremely stable lamellar phase, which was the only lyotropic
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phase formed. At high surfactant concentrations the system formed a crystalline structure that
showed evidence of lamellar periodicity. Upon dilution with ~75 wt % water, the lamellar phase
gave way to a water-rich phase and a surfactant-rich phase comprised of MLVs. The system
showed similarities to the systems presented previously, primarily in the type and progression
of the defect structures formed in the lamellar region. The presented phase behaviour is very
similar to that of Ch-AOT, with neither system favouring the formation of inverted structures,
although the two systems do show structural differences at lower concentrations. Despite the
absence of Type II structures in the phase diagram of AcCh-AOT, the use of the bulky AcCh+ ion
did not introduce Type I morphologies or the formation of an ionic liquid. Although, the extension
of the two-phase region to higher concentrations indicates a trend towards the former.

Despite the assignment of a pure L¸ phase from 25 to 92 wt % AcCh-AOT, some samples in
the region of 25–35 wt % were seen to separate during POM observations, and their SAXS
reflections indicated a deviation from 1D swelling. This brings into question the thermodynamic
stability of the phase within this region, and whether the assigned phase boundary is in the
correct position. However, cryo-SEM imaging at 25 wt % showed no evidence of a biphasic
sample and revealed the phase to contain features of a lamellar phase, rather than just
coalescence of MLVs. Observations of sealed bulk samples showed no evidence of separation
when stored for several months, repeatedly centrifuged, or when subjected to heating and
cooling cycles within the temperature boundaries of the phase. These observations, and that
of a cloud point at higher temperatures, indicate that assignment of the equilibrium structure as
a L¸ phase is correct.

Choline and Acetylcholine AOT: Discussion

In this chapter, two new phase diagrams have been presented, which show the formation of
lamellar phases that are stable over large concentration ranges, on increasing temperature
and (as shown for Ch-AOT) upon the addition of salt. This behaviour can be explained very
simply in terms of the packing parameter. A close to ideal balance has been achieved at
the hydrophobic/hydrophilic interface, between the surfactant headgroups and tail regions, by
providing the AOT molecule with a bulky counterion that results in a larger effective headgroup
(and thus larger interfacial surface area). As a result, the molecules favourably pack into a
bilayer structure. This is undoubtedly the overriding factor of the phase behaviour of these
two systems. However, this explanation also misses several key points. The bilayer is not just
the preferred packing motif, but is also extremely stable within these two systems. Bilayered
structures are formed at just a few weight percent surfactant and persist as a lamellar phase
over nearly the whole phase diagram, and have been shown to be resistant to major changes
to the intermolecular forces that govern self-assembly.

The choice of large, hydrophobic and weakly hydrated counterions results in the formation
of close ion pairs between the quaternary ammonium ions and the sulfonate moiety of AOT.
In a normal bilayered system, the average size of the headgroup area (and thus interfacial

252



Choline and Acetylcholine AOT: Discussion

curvature) decreases significantly with increasing concentration. This is mediated through
the dissociation or dehydration of the counterion, and through the changes in bilayer repeat
distance, all of which result in changes to the intermolecular forces that control self-assembly.
However, changes to headgroup area are limited in the cases of the Ch-AOT and AcCh-AOT
systems. The cloud points observed at low concentrations in these systems reveal that the
counterions are strongly bound to the sulfonate headgroup and have unfavourable interactions
with water. As such, it is favourable for the Ch+ and AcCh+ ions to dehydrate and to remain
bound to the headgroup at nearly all surfactant concentrations. The tight counterion binding and
embedding of such bulky counterions into the bilayer increases the headgroup area, but also
adds significant stability through lateral steric repulsion between headgroups and increased
van der Waals attraction between bilayers, which both result in a reduction in the elasticity of
the bilayer.

If the lamellar bilayers of the AcCh-AOT and Ch-AOT systems are each considered as
a compression of two monolayers, then the efficient geometric packing of the surfactant
molecules results in each of the monolayers having a spontaneous curvature close to zero.
This relieves the bilayers of the energy cost that arises from the curvature frustrations of two
monolayers with an inherent need to curve away from each other. As such, the formation
of inverted structures is energetically less favoured. However, the intriguing behaviour of the
Ch-AOT and AcCh-AOT systems is not just the preferred formation of the L¸ phase, but that
this phase remains the lowest free energy form upon drastic changes in the intermolecular
energy contributions. Changes in concentration, temperature and the addition of electrolyte
all change the relative contributions of the free energy, and the systems are at various points
governed by Helfrich, van der Waals, electrostatic and steric hydration forces, all of which have
the capacity to alter the headgroups of surfactants and thus change the spontaneous curvature.
To rationalise the stability of the L¸ phases of these systems, the role of the counterion must
be considered, both in terms of how it negates many of the changes in energy and in the way
it affects the curvature of the bilayer. Both of these factors depend not only on the addition of
steric bulk to the packing parameter, but also on the specific ion effects of the cation.

The value of the bending rigidity, », is associated with fluctuations and can be considered as
the energy cost to bend the bilayer components (each monolayer) away from their desired
spontaneous curvature. The tight binding of a bulky quaternary ammonium ion within the
surfactant headgroup will have several effects on the value of ». The ion will provide more
efficient shielding of the electrostatic forces both between and along the bilayers. The former
results in a net gain of interbilayer attractive forces, negating the electrostatic contribution to
the overall repulsion. The second would have the effect of decreasing the value of » due to
the increased freedom of the headgroups to move. However, the tight binding of such a large,
bulky cation, that has the possibility of penetrating the interfacial region, results in a large steric
repulsion that outweighs any result of reduced electrostatic repulsion (the headgroups cannot
approach each other because the ammonium ion increases the headgroup area and the space
is filled due to close packing). The result is an increase in the lateral pressure across the
monolayer and thus a decrease in the freedom of movement of each molecule. As such the
value of » is large due to a rigid bilayer, which resists curvature. The effect of this is seen in
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both Ch-AOT and AcCh-AOT at low concentrations, where the systems produced concentrated
MLV phases, i.e. a far greater number of MLVs is observed than in the alkali metal systems.
The formation of MLVs over unilamellar vesicles occurs only if the net bilayer interaction is
attractive, which requires the system to overcome the undulation forces of Helfrich repulsion,
meaning that the bilayer needs minimal spontaneous curvature and a large value of ».306

The value of » for a bilayer is simply twice the cost of bending an individual monolayer, whereas
the second contribution to the bilayer elasticity, the topology-controlling Gaussian curvature
modulus »̄, is in part related to the spontaneous curvature (c0), the monolayer thickness (lm)
and the already discussed bending rigidity, such that:

»̄bilayer = 2»̄monolayer � 2lmc0monolayer»monolayer (7.1)

The bound Ch+ or AcCh+ counterions result in an increase in », and promote a near zero spon-
taneous curvature, resulting in a reduction in the elasticity contribution of »̄. If the spontaneous
curvature of each monolayer is prevented from becoming sufficiently negative to promote a
negative interfacial curvature, then »̄ does not need to relieve the energy demands through the
formation of saddle-splay surfaces. The spontaneous curvature of a bilayer is normally sensitive
to the composition of the phase and changes to the intermolecular energy contributions of the
system result in changes to the Gaussian curvature and thus the topology of the system. The
alkali metal systems discussed previously are prone to changes in elastic constants, especially
changes in »̄ due to increased temperature or electrolyte concentration. These changes result
in an increase in the value of »̄ and result in topological changes that promote the formation of
L3 or VII phases. »̄ is a key component in governing the formation of bicontinuous phases, in
which the bilayer retains zero mean curvature but the Gaussian curvature changes everywhere
along the minimal surface. However, if the rigidity imposed in the bilayer and the reduction in
the overall repulsive forces in the system caused by the tightly bound quaternary ammonium
ions prevent the spontaneous curvature from becoming significantly negative, then formation
of inverse phases does not become energetically favoured.

Upon using either Ch+ or AcCh+ as the counterion in the surfactant, the net gain of the bilayer
is a reduction in repulsive forces, an increase in attractive forces, decreased elasticity and
minimal mean curvature. Thus, the bulky quaternary ammonium ions promote planar bilayers
with large energy costs associated with either bending or stretching deformations. As such, the
lamellar phases produced are stable and can withstand significant changes in intermolecular
energy contributions. These range from Helfrich undulations at low concentrations (overcome
due to the large value of » and result in the formation of MLVs) to the steric hydration
repulsion forces at high concentrations (overcome by the superior dehydration of the bilayer).
It is more energetically favourable for the bilayers to approach within 5–10 Å, than it is for
the monolayers to each adopt the negative interfacial curvature of the hexagonal phase,
which is far removed from their values of spontaneous curvature. However, the microscopy
observations for both systems revealed rich defect behaviours of curved point defects and
topological connectivity. This is because the preferred free energy structure is a result of many
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different competing forces. The lamellar phases in AcCh-AOT and Ch-AOT have large energy
costs associated with deforming the bilayers to the point of a phase transition. These costs
are far greater than the curvature frustration of the monolayers within each bilayer, and so
the bilayer structure is retained and the energy demands of the curvature frustration are met.
Although the spontaneous curvature of the bilayers is minimal in comparison to the previously
studied systems and less sensitive to the changes in intermolecular forces, it does not remain
unchanged with concentration. This means that the elasticity of the two systems is situated
such that the Gaussian curvature can satisfy the energy demands by formation of defects of
positive and negative values, but could not be manipulated to drive a phase transition except
upon the addition of large quantities of salt.

The topological changes in Gaussian curvature are likely aided by the hitherto neglected alkyl
chains. The second term of Equation 7.1, also showed the contribution of the tail length to
the value of »̄. In comparison to phospholipids, the AOT bilayer is thin, which will increase the
elasticity. The WAXS scattering of the AcCh-AOT and Ch-AOT showed the broad peak due to
the fluid alkyl chains, was shifted to lower q values and significantly narrowed on increasing
concentration. The alkyl chains are often assumed to have an insignificant role in comparison
to the changes in intermolecular forces that govern the headgroup area, however they are
likely a key component in the stability of the Ch-AOT and AcCh-AOT lamellar phases. The AOT
chains are short, but also bulky due to branching and able to adopt different configurations.
The flexibility of the alkyl chains to adopt different configurations allows the bilayer to relieve
the range of curvature and packing frustrations imposed by the lamellar phase existing over
such a large range of concentrations. This was shown in Chapter 4, where the Na-AOT system
was able to stabilise a dilute lamellar phase, but the Na-butylAMA system (with reduced tail
branching) was not.

The phase behaviour of the AcCh-AOT and Ch-AOT are described together above due to their
similar behaviours. However, the results presented in this chapter also showed that the systems
differ at low concentrations, both in terms of two-phase regions and the defect behaviour of each
system. In comparison with the Ch+ ion, the AcCh+ ion is larger, has greater polarisability, is
more hydrophobic, is more readily dehydrated and so forms a closer ion pair with the sulfonate
ion. The Ch+ ion is more polar and so amphiphilic in nature and likely has the terminal OH group
protruding from the bilayer headgroup. The difference between the systems can be attributed
to the hydrogen bonding capabilities of the Ch+ ion providing more favourable interactions with
the water. The more efficient separation of phases in the AcCh-AOT system can be rationalised
in terms of it being the more hydrophobic, and the larger and deformed MLVs observed in
the Ch-AOT system (compared with the AcCh-AOT system) are due to differences in their
spontaneous curvatures.

Although the L¸ phases of the two systems have low melting temperatures at high concentra-
tions, the pure surfactants of both AcCh-AOT and Ch-AOT were observed to crystallise upon
sufficient drying, and had melting points in excess of 200 �C. As such, neither system can be
classified as an ionic liquid. However, Kumar and coworkers have recently reported the first
published synthesis of Ch-AOT and used it to encapsulate the enzyme cytochrome c within
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vesicles, biomimicking protein-membrane binding.277,307,308 In these publications, they classify
Ch-AOT as an ionic liquid with a gel-like appearance and a melting point of �47.4 �C. The
observations reported here are contrary to this, with the formation of crystals and a waxy solid.
This discrepancy is likely a result of the different methodologies used to dry the surfactant.
Due to the extremely hygroscopic nature of Ch-AOT, we employed air-sensitive techniques and
the surfactant was dried for 72 hours and transferred to a glove box for storage and sample
preparation. The drying time of several hours quoted by Rao et al.277 is likely insufficient to
fully dry the surfactant and so the observed “gel” was probably within the lamellar phase. The
published 1H NMR that was used to characterise the surfactant contained an unassigned peak
a 3.33 ppm which integrated for around six protons and is characteristic of water in DMSO-d6.
This integration is equivalent to a water concentration of ~9 wt %, although water could have
been present in the solvent, which is also notoriously hygroscopic.

Given that Ch-AOT is extremely hygroscopic and rapidly forms a lamellar phase upon exposure
to air, the classification of it as a crystalline salt and the distinction between this and the reported
ionic liquid properties are likely inconsequential. Most anionic surfactant ionic liquids are used
for their self-assembly properties, and so the likely use of Ch-AOT would be in the formation
of vesicles for biological applications, where water is generally employed as a solvent. Aside
from casting doubt over the concentrations quoted in the aforementioned articles, the physical
state of the pure surfactant is probably of little practical interest. The formation of stable crystals
in the AcCh-AOT and Ch-AOT systems indicates that they form strong ion pairs with the AOT
sulfonate group. Ionic liquid formation would likely prevail if the nitrogen atom of these cations
was further shielded by switching the methyl groups for longer, bulkier alkyl chains, similar to
the two TAA-AOT ionic liquids produced by Brown et al.212

In general terms, this chapter can be summarised as presenting two new phase diagrams that
show that the contributions of the various electrostatic forces that govern self-assembly can be
overcome by combining the steric effects of a bulky cation with the formation of a close ion
pair with the surfactant headgroup by following Collins’ law of matching water affinities.49,181

However, as stated in Chapter 6, the ability of the ion to hydrogen bond is not accounted for
within these laws, and if the selection of counterion is an organic ion rather than a point charge,
the asymmetry of the ion and location of the functional groups will affect the efficiency of the
packing and the ion pair formed.
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Concluding Remarks

The current state of surfactant science is far from ideal. Surfactants are used globally in
quantities of billions of tonnes annually, and with respect to chemical and biological sciences
they are used in some form in almost all branches of research. However, the subtleties of
surfactant behaviour are not generally well understood by the researchers that use them,
potentially adversely affecting their performance. Models that exist to explain or predict surfac-
tant behaviour are often either overly simplistic and unhelpfully make general assumptions that
neglect the key roles of various system components (e.g. chirality, tail branching or counterions)
or require a knowledge of theoretical physics beyond that of the average user of surfactants.

Manufacturers generally quote a value for the CMC of a surfactant, but this actually provides
very little information about how any given surfactant will behave or pack at an interface,
other than when it is present in very low (and generally irrelevant) concentrations. The other
commonly cited concept – the surfactant packing parameter – at least provides a starting point
for the type of curvature a surfactant may induce, but without knowledge of how this shape
will change with the environmental conditions, this too provides very little useful information.
For surfactants to be used efficiently in the wide range of fields in which they are currently
employed, the users need to be provided with the appropriate information that will allow them
to make informed decisions about the type of surfactant and methods they use. Steven Abbott’s
recently launched website (www.stevenabbott.co.uk) provides several digital applications that
allow the user to model the predicted emulsifying behaviour for different compositions of various
surfactant mixtures, and is an excellent resource that begins to address the above issues.
However, these models rely heavily on work that may have unknowingly used Na-butylAMA
that was sold as Na-hexylAMA (as described in Chapter 4).

To expand our knowledge of how surfactants behave and how their assembled structures are
modified by the various forces that control them, more experimental data are required in the
form of phase diagrams. The phase progression then needs to be understood and explained in
terms of how the structure of the surfactant facilitates the microstructural changes that result in
different behaviours, and how the surfactant will adapt to different environmental conditions and
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changes in the governing intermolecular forces. Ideally, phase diagrams are needed for several
series of surfactants in which a single structural property is systematically changed. This will
allow some general “rules of thumb” and guidelines to be formed, that will enable users of
surfactants in other scientific disciplines to make informed choices regarding the molecular
structure and chemical functionality of the surfactant they use.

A significant example of this issue is the role surfactants play in the self-assembly that controls
the shape and size of nanoparticles/nanomaterials. Often, the choice of this surfactant is
controlled by what is cheap and readily available, resulting in the use of common industrial
surfactants. Providing a greater level of understanding to this selection process, and the
knowledge and ability to manipulate the properties of the selected surfactant in a predictable
way, may result in increased control and efficiency. However, the acquisition of phase diagrams
is not glamorous research and rarely gains funding, while phase diagrams formulated within
industrial companies are not made freely available. We have produced a family of AOT-
based surfactants that differ in either the tail branching or the counterion. The different defect
structures and specific microstructural changes of each system are detailed and discussed in
each chapter. In this section, we focus on summarising the general trends and conclusions,
and attempt to provide a list of key considerations that may aid other researchers to make more
informed decisions.

Branched alkyl chains and chirality (within either the tail region or headgroup) introduce
both stereoisomerism and rotational isomerism to surfactants. By comparing the Na-AOT,
Na-butylAMA and K-butylAMA systems we have shown that this isomerism promotes disorder
by enabling the surfactant to significantly alter its tail volume in response to changes in the
environmental conditions. It is well known that changing the length of alkyl chains alters the
flexibility of a bilayer due to changes in bilayer thickness; however, it may be of more practical
use to be able to tune this flexibility by introducing, and adjusting the length and position, of
tail branches. The work in this thesis shows that these factors can produce systems that are
not truly binary and so can act as their own cosurfactants. It would be interesting to produce
an enantiomerically pure chiral surfactant to see if the stereoisomerism has any quantifiable
effect. However, this would be challenging and the practical purpose is questionable. Our results
imply that stereoisomerism is likely responsible for small changes to the positioning of phase
boundaries at high concentrations, while it is the formation of different rotational isomers that
control the low concentration and thermal behaviours, which vary greatly between systems with
different levels of branching.

The use of branched surfactants with an inherent flexibility could negate the need for certain
additives that are normally required to promote this property, and thus significantly simplify
formulations. If this work can be extended to the point where we are able to achieve predictable
changes in interfacial curvature through adjusting the degree of tail branching, then we
introduce a way of tuning the efficiency of surfactants and can improve their suitability for
specific applications through structural modifications. The possible industrial importance of
branched surfactants is illustrated by the widespread use of Na-AOT, which has long been
considered to have superior properties to other systems, although it was not understood that the
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branched chains were responsible for this behaviour. The role and importance of branching in
surfactants is now being recognised and is a recent active field of research. Of particular note is
the work of the Eastoe group, who have reported encouraging results in the production of highly
branched “hedgehog surfactants”, in which the branching has been shown to efficiently reduce
the surface tension and hence may provide environmentally friendly alternatives to fluorinated
surfactants.18,147,309

Developing a better understanding of how the degree of branching can be used to tune the
properties of surfactants may be a significant step towards the desired goal of producing
surfactants via rational design. However, surfactants with systematic variations in branching
are not generally commercially available, and their synthesis is neither simple nor cheap. Thus,
adjusting surfactant systems by changing the extent of tail branching is not a convenient way
for the “average user” to manipulate or control self-assembly or desired properties. In contrast,
ion-exchange is a relatively simple and cheap process, and with the number of ions available
to choose from, it provides an array of new behaviours for any given surfactant. Ion-exchange
offers an alternative way of manipulating the interfacial curvature and packing properties of the
surfactant, without changing the molecular structure of the main component. However, while
the effect of changing the length, number, or position of tail branches will likely yield results that
will soon be predictable, the role of the counterion is significantly more complex.

The surfactant counterion is capable of altering every other contribution to the thermo-
dynamically favoured structure. Many of these contributions cannot be measured or modelled
directly, and the effect that changing the counterion has upon them cannot be quantified or
evaluated independently of the changes it promotes in the other contributing forces. This is
further complicated by the fact that different ions behave in different ways, and even for a single
ion the effects are both concentration- and temperature-dependent. This point is illustrated by
the Li+ ion used in this work, which can be considered as either the largest or smallest ion used
depending on the state of hydration.

The complexity of the roles of ions is evidenced by the number of experimentally observed
phenomena that are accounted for by the term “specific ion effects”. The point is perhaps best
made by Kunz and Tiddy, who said in relation to ions in solution: “The specific behaviour of
an ion cannot be described by only one parameter. In fact, the specificity of a certain type
of ion is always dependent on the environment, be it the counterion, the interface or the
interacting part of a macromolecule. . . it is utopian to describe the ions only with a single set
of parameters. This is also the reason why correlations of specific ion effects with ion radii,
polarisabilities, viscosity B coefficients, lyotropic number etc. never give satisfactory results for
a broad range of experimental findings”.310 We have at times in this thesis been critical of
the oversimplifications that are frequently used to explain surfactant self-assembly. So, given
that we cannot qualitatively predict the ion effects of any given counterion on a wide range of
different surfactants, how do we summarise the results of this work in a way that will prove
useful to general scientists, without being unhelpfully simplistic ourselves?
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Self-assembly is by definition the collective result of every interaction between every component
of a system, with the resulting formation of an equilibrium structure of minimum free energy.
Too often, the role of entire components or forces within a system that actually play key roles
in their assembly are neglected, or the results are described in a way that does not truly
represent the structure formed, both of which are unhelpful and misleading. Our results clearly
demonstrate that the counterion and tail branching are key factors in determining the self-
assembly of surfactants, and that changes to them can have dramatic effects. Similarly, we
have demonstrated that defect structures are fundamental to both the structural and physical
properties of the system. The rationalisation of experimental results with simple concepts,
or based on a single principle, that ignore the fundamentals of self-assembly is unhelpful.
However, a knowledge of general trends and typical behaviours is fundamental to making
informed decisions, and simple guidelines indicating likely behaviours can be a powerful tool
for the general surfactant user. We do not attempt to quantify the trends we have observed in
our experimental work by assigning arbitrary values to any factors, and we stress that we are
not proposing formal rules with respect to any of the effects we have reported. The results of
this experimental work are a direct factor of their specific environment, and would rapidly fail to
hold true if applied to other surfactant systems without considering how the conditions of that
system will impact upon them.

Here we provide, based on our experimental observations, a list of key considerations that
we believe will assist a general surfactant user in tuning a surfactant to promote the desired
properties through changing the counterion. These guidelines will allow the user to consider
the role of various intermolecular forces within a system and how different counterions will likely
affect them. The goal is to facilitate other scientists in making informed decisions regarding how
changing the chemical structure of a given surfactant may alter the behaviour of the system in
a predictable and desirable way, through the promotion or restriction of interfacial curvature.

• Matching of ions: Collins’ general rules for matching water affinities (strong inner sphere
ion pairs form between ions of opposite charge when they are of similar size and
hydration) is an excellent and easily understood concept, which holds true for the systems
investigated in this thesis. Choosing mismatched ions promotes counterion dissociation,
adding an extra degree of freedom to the system, while pairing like ions results in tight
binding and removes the ability of the counterion to selectively bind with concentration or
bind inhomogeneously. Thus, when ions are well matched (such as in the Ch-AOT and
AcCh-AOT systems) the electrostatic and van der Waals forces in the system, both along
and across bilayers, are unlikely to change unpredictably. In contrast, when the ions are
not well matched (such as in the Li-AOT system), the counterion has a greater role in
governing the defect and phase behaviour of the system.

• Hydration: The hydration of the ion is clearly related to the first point; however, the choice
of an ion with a large hydration shell again introduces a degree of freedom into the
system that is controlled by the counterion. When fully hydrated, the Li+ ion has a larger
effective size than any of the other ions used in this work (including the bulky organic
ions). However, when fully dehydrated, the Li+ ion is the smallest ion. So, in contrast to
the ions with small hydration shells (that do not change considerably upon dehydration),
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Concluding Remarks

the Li+ ion can provide contrasting behaviours at each concentration extreme, and induce
either positive or negative curvature at the interface.

• Steric bulk: The effective steric bulk of an ion can be partially determined by the previous
two points, which govern whether this factor can change significantly with concentration
or temperature. However, the fundamental size of the charged species is still a key
consideration in determining the steric bulk/repulsion added to the headgroup. If we
consider that both AcCh-AOT and K-AOT preferentially dehydrate and bind strongly to the
sulfonate headgroup of AOT, then the drastic differences in phase behaviour are due to
size. These differences will result in differing electrostatic and van der Waals contributions,
but the overriding factor is steric repulsion. The bulky size of AcCh+ prevents the close
packing of AOT headgroups, negating the decreased electrostatic contribution to the
bilayer rigidity, and restricting the bilayer to form a stable lamellar phase. Conversely,
the smaller K+ ion promotes bilayer flexibility and negative interfacial curvature, as it does
not restrict the close packing of headgroups, so the shielding of electrostatic forces is
more important and drives the formation of a sponge phase.

• Shape: Unsymmetric ions (i.e. not simple point charges) will bind with different efficiencies
to the surfactant headgroup, depending on their molecular structures and chemical
functionalities. They will have different polarisabilities and so will result in different van
der Waals contributions and degrees of electrostatic shielding.

• Hydrogen bonding: The ability of a counterion to hydrogen bond will undoubtedly alter the
surfactant/water interactions within a lyotropic system. This is an effect that is not common
in counterions and is not considered in any models of surfactant behaviour. However, our
investigations indicate that the K+ and NH +

4 ions, which were expected to produce similar
behaviours are significantly different due to a contribution of hydrogen bonding to the
bilayer rigidity in NH4-AOT resulting in L¸ formation rather than a L3 phase.

• Hydrophobicity: The hydrophobic effect is the underlying principle behind the self-
assembly of amphiphilic molecules into lyotropic mesophases. Hence, the use of
counterions that are slightly amphiphilic or differ in relative polarities will alter the system
at the headgroup/water interface. This may be through the hydrophobic regions of the
counterion having a greater desire to penetrate the tail region (rather than protrude from
the surface), or it may result in the interfacial surface having a degree of hydrophobicity
and the structures formed will resist aggregation. It is likely that the amphiphilic natures
of Ch-AOT and AcCh-AOT explain their swelling behaviours and the size and distortion
of the MLV structures formed.

The ultimate goal of surfactant science is the rational design of molecules for specific purposes,
with control over the final properties. The complex nature of ions in solution mean that predicting
the exact outcome of using a specific counterion is currently not feasible. However, the results
obtained in this work do allow for a higher degree of predictability. Changing the counterion
of a surfactant system will result in many alterations (including in the hydrocarbon tail region),
but by considering how each of the above factors is likely to affect the environment of a known
surfactant system for a given ion, the question of whether the change promotes increased
counterion freedom or limits its effect can be rationalised. As such, a general surfactant user
should be able to promote changes in the hydrophobic/hydrophilic interfacial region that drive
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Chapter 8

the curvature of the system in the desired direction. For point charges, such as the alkali
metal ions investigated in Part I, the last three considerations listed above are not applicable.
However, the use of unsymmetric ions, such as the biologically relevant ammonium ions
investigated in Part II, can alter the systems in different ways, and so careful selection of
a counterion could potentially introduce more desirable properties. For example, could the
super-efficient “hedgehog” surfactants reported by the Eastoe group be further improved by the
selection of a counterion that also promotes a reduction in surface tension? Suitable candidates
for this purpose include the Ch+ and AcCh+ ions used in this work.

This thesis reports on a study into how systematic variations in the molecular structure of a
family of surfactants (through changing the counterion and tail branching) alters the interactions
of the system on local lengthscales, and how this drives the global self-assembly of the systems,
resulting in different phase behaviours. For the commonly used Na-AOT surfactant, we have
shown that the tail branching and defect structures can be used to rationalise previously anoma-
lous behaviours. We have also shown that for the two-tailed, branched AOT anion, a combined
increase in both counterion binding and steric bulk can effectively inhibit the forces that promote
non-zero spontaneous curvature. This produces extremely stable lamellar systems that are
capable of accommodating changes in concentration, temperature and the addition of large
amounts of electrolyte through alterations in defect structures rather than phase transitions.
For smaller counterions, electrostatic interactions have a significant role, and the choice of
counterions with different binding affinities can induce different elasticity behaviours, promoting
either positive or negative Gaussian curvature at the hydrophobic/hydrophilic interface. The
combination of increased hydration and reduced counterion binding results in a large degree of
counterion freedom and thus a rise in unpredictable specific ion effects. To improve our ability
to predict how such changes will affect other systems, further similar studies need to be carried
out. In particular, it would be helpful to study a further family of two-tailed anionic surfactants,
and incorporate a “hard” headgroup with a large hydration shell, so that the degree of freedom
as a result of hydration does not correlate with the freedom given by counterion dissociation.

Going forwards, the use of surfactants in new and exciting applications in wide-ranging fields
of research will continue to grow. It is important that our collective understanding of how they
work grows at a similar rate, so that we can design superior surfactant molecules that more
efficiently fulfil their designated role. For this to happen, the fundamental science behind their
properties must continue to be probed, both theoretically and experimentally. It is our hope that
the new concepts and understanding that will result are then shared freely, and communicated
in a way that facilitates users from all scientific disciplines to apply this knowledge in beneficial
ways and that deeper understanding leads to exciting new outcomes.
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