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The following appendix was not included in this thesis on the date
of examination, and as such, presents unexamined work.

This appendix is comprised of additional experimental work executed as part of the systematic
investigation into the self-assembly and mesophase structures of AOT-related surfactants that
was presented in this thesis. The preceding chapters of this thesis detail the results obtained
from using various characterisation techniques to probe the equilibrium structures formed by
each surfactant system studied. This appendix presents and discusses results obtained via
rheology, which was used to further probe the microstructure of the lamellar phases formed by
the AOT and butylAMA surfactants, and to study their material responses upon deformation.
Rheometers apply shear forces to samples via an attached geometry, which is used to apply
shear in both oscillatory and rotatory manners to carry out a range of rheological tests of the
viscoelastic and flow behaviours of materials.

The rheological measurements reported here were performed with a stress-controlled TA
Instruments AR2000 rheometer, using different geometries dependent upon the experiment:
a 40 mm acrylic cone-and-plate geometry (4� angle), a 40 mm parallel-plate geometry in
conjunction with a serrated base plate, and concentric cylinders were all used. The temperature
was controlled using a Peltier system, and unless stated otherwise, experiments were carried
out at 25 �C. Due to long experiment times (up to 36 hours) a solvent trap was used and the
rheometer was enclosed in a purpose-built Perspex® box. The environment inside the box was
kept saturated with water to avoid changes to the sample composition through dehydration.
Fresh samples were used for every experiment, and experiments were repeated to ensure
reproducibility. The experimental conditions are presented with the data, but in general samples
were equilibrated before use (although such samples can still show shear history dependency)
and each experiment was repeated with a fresh sample. Data was collected at a minimum of
5 data points per logarithmic decade, or at a maximum sampling time between data points of
10 s.
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Rheology

In this thesis we have discussed the self-assembly behaviour of a family of Na-AOT-related
surfactants. We reported the elucidated phase behaviour for each surfactant and showed
how the changing bilayer elasticity results in the formation of many types of microstructural
defects. We now briefly describe some of the non-equilibrium behaviours (global properties) of
these surfactants, primarily with respect to the viscoelastic and flow properties of their lamellar
structures. We do not attempt to fully classify the rheological behaviour of each of the studied
systems, as many of the observed behaviours are common to all the systems and are known
to be characteristic of lamellar phases. Instead, we focus on particularly relevant behaviours
and points of difference between the systems, and show how the measured rheological data
supports our previous assertions. We also briefly describe the flow behaviour of the low
viscosity bicontinuous L3 phase formed in the K-AOT system.

This discussion will primarily focus around our base system, Na-AOT, which will then form a
basis for comparison with the experimental data of several of the other systems. Based on
the phase diagrams shown in Part I of this thesis, the Li-AOT and Na-butylAMA systems have
very different phase behaviours. In fact, the concentration regions of their lamellar phases only
overlap within a small range spanning 6–7 wt % surfactant. Yet, within the regions that their
lamellar phases do exist (Li-AOT forms a dilute swollen lamellar phase, while Na-butylAMA
forms a concentrated classical lamellar phase) they both show good agreement with the
behaviour of the Na-AOT system at similar concentrations. Given that both of these systems
deviate from the Na-AOT system outside these concentration regions, it is a point of interest
to determine if their rheological behaviours show them to truly be similar to Na-AOT. Two
further systems that form interesting comparisons to Na-AOT are NH4-AOT and Ch-AOT. The
NH4-AOT system was observed to show phase behaviour similar to that of Na-AOT (when it was
expected to produce behaviour more similar to the K-AOT system), but was then observed using
cryo-SEM to form more disordered and porous structures. We attributed this to an increased
value of »̄ and reduced value of » when compared with the Na-AOT system, a statement
supported through the observation of non-lamellar structures in the NH4-AOT system upon the
addition of relatively small amounts of NaCl. The Ch-AOT system formed a lamellar phase over
the largest concentration region. This was due to the use of a bulky, poorly hydrated counterion
with limited freedom to alter the bilayer, and so the lamellar phase was stabilised by an enforced
rigidity and the promotion of closer to zero spontaneous curvature. However, over such a large
concentration range the bilayer must experience a significant curvature frustration cost, and this

333



Appendix E

was evidenced by the large number of defects observed in the Ch-AOT system. The Ch-AOT
system is of interest as defects in bilayers can facilitate phase transitions upon the addition of
shear.

Na-AOT is a widely used commercial surfactant and so its rheological behaviours have been
studied in various forms previously. In fact, along with SDS it was one of the first anionic
surfactants to be studied for its rheological properties. This work used Na-AOT systems with
additional components such as brine, rather than the surfactant/water system that we study
here. It was within this early work that, among others, Roux and Diat reported the formation
of MLVs or “onions” upon shear.1,2 Such structures have been reported to form under shear
in the Na-AOT/brine/water system, and can form from either the L¸ phase or the L3 phase.3

However, this transition was reported to occur abruptly upon constant shear without a consistent
critical time of formation. Onion phases are viscous and can become remarkably ordered, and
although their mechanism of formation is not currently fully resolved, there are two proposed
mechanisms that each appear to have some merit.4–7 These will be discussed later in the
chapter with respect to the flow behaviour observed in the systems studied in this work. A study
of the binary Na-AOT/water system was carried out by Robles-Vásquez et al. who investigated
the lamellar region of the system using dynamic and steady-shear rheology.8 Their study was
carried out 25 years ago, and unfortunately some of the results were rationalized in terms of
Fontell’s erroneous SAXS data. However, their work does provide a good foundation for our
studies of the Na-AOT L¸ phase (which are subsequently used as a point of comparison with
our other systems of interest) and their results are in good agreement with our own, although
we were able to further this work by sampling a greater range of Na-AOT concentrations and
are able to identify material responses that were not presented or identified in the previous
study.

Viscoelastic Behaviour

Studying the viscoelastic region of a surfactant system (in which the stress response of the
material is directly proportional to the applied strain) requires the system to be probed with small
amplitude oscillatory shear, so that the response of the equilibrium structure can be measured
without large deformation occurring to the global structure. Viscoelastic materials can display
transient behaviours, with the response to any shear often being short-lived. Structures can
display different combinations of solid-like behaviour (an elastic response) and liquid-like
behaviour (a viscous response), which are dependent upon the microstructure and the strength
of the intermolecular forces that govern its stability. Measuring the response of a system
to experiments that perturb the microstructure allows the relative elasticity to be measured,
with different classes of materials giving characteristic responses. The dynamic response is
measured in the form of two moduli: G0 (the storage modulus) and G00 (the loss modulus),
which are measures of the in-phase (elastic) and out-of-phase (viscous) contributions to the
stress response upon the application of oscillatory (or dynamic) shear, and thus quantify the
energy stored or dissipated by a material upon deformation.
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The first measurements that should be performed are strain sweeps at low frequencies of
oscillation (~0.5–12.5 rad s-1), which are used to determine the limiting strain that a material
can endure before it no longer exhibits a viscoelastic response, but acts as a liquid (i.e. the
point at which G00 > G0). A viscoelastic material by definition has a value of G0 > G00 when
small strains are applied. However, as larger strains are applied, the viscous response of the
material increases and deformation of the microstructure leads to a liquid-like response. This
often occurs via the formation of an extremely weak intermediate structure, which leads to the
appearance of a “strain overshoot” in experimental data, with G00 reaching a maximum value
before alignment and flow upon the breakdown of the structure.

Example graphs resulting from strain sweeps are shown in Figure E1 for Na-AOT samples of 65
and 35 wt % surfactant, while a range of strain sweeps for different Na-AOT concentrations is
included in the Supplementary Figures section at the end of this appendix. These experiments
were carried out for a complete range of sample concentrations in each system, and a value of
strain was taken from within the region where G0 > G00 for all samples, for subsequent use in
further measurements in the linear viscoelastic region, in which the frequency of oscillation
is varied. The strain value should ideally be taken within the region in which both moduli
display linear behaviour (are independent of each other) and be significantly away from the
point where G0 and G00 cross over. However, depending upon the rheometer used, operating at
too low a strain value can lead to unreliable results, as the machine is not capable of accurately
maintaining such amplitudes. Based on our results for the Na-AOT system, a strain value of
0.5 % was selected. This value was found to also be suitably within the viscoelastic region for
each of the other systems studied in this work, with the exception of some K-AOT samples in
the L3 phase, which did not produce reliable viscoelastic responses upon application of small
amounts of strain for any frequency of oscillation that was applied.

Figure E1: Strain sweeps obtained for Na-AOT samples showing the stress responses of G0

and G00 as functions of strain amplitude, measured at a fixed angular frequency of 1 rad s-1.
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The graph for 65 wt % Na-AOT shown in Figure E1 shows that the G0/G00 crossover event
occurs at 5.34 % strain, and is also an illustration of a normal strain dependence behaviour
for an ordered lamellar phase. However, not all samples were observed to display such ideal
behaviour. Low concentration samples of Na-AOT often displayed significant shear banding
under large deformation (~100–1000 % strain) as evident at 35 wt % Na-AOT. Attempts to
prevent this using a serrated geometry and base plate proved only partially successful and it
was quickly realised that the banding was resulting from a shear-induced transition rather than
being a slip effect (detailed in the next section). Aside from this phenomenon, the strain sweeps
for each system tended to show a similar trend. Figure E1 shows a good representation of high
concentration behaviour (65 wt %), while at low concentrations, samples tended to produce
noisy data at low strain values and large and obvious overshoots (35 wt %). The curves at
low concentrations were not strictly linear in the viscoelastic region, which for some samples
was noticeably different from those at high concentrations. However, G00 and G0 tended to be
separated by a similar distance throughout, which for the Na-AOT system was approximately
a single order of magnitude. In general, with increasing concentration the G0/G00 crossover
point is observed to shift towards lower strain values, while the values of G0 and G00 at the
point of crossover (and within the linear viscoelastic region) significantly increases. However,
these trends can be described as discontinuous, as for samples within the transition region
between the swollen and classical planar L¸ phases (at concentrations in which the contribution
of Helfrich forces are of less significance) there is a small decrease in the measured values of
G0 and G00 and a shift in their measured point of crossover. The decrease in the magnitude of the
dynamic moduli is an indication of weaker interactions within the lamellar microstructure. This is
possibly due to the loss of Helfrich forces within this region and is consistent with the changes in
defect behavior reported in this thesis, as within this region the formation of orientated domains,
a decrease in the number of large FCD defects, and an overall decrease in bilayer connectivity
were reported.

The trends observed in the Na-AOT system, in terms of the change in the stress response
as a function of concentration, were mirrored at equivalent concentrations in the other systems
studied. The one exception to this was the Li-AOT system (see Supplementary Figures section).
While at low concentrations the displayed behavior is similar to that observed for equivalent
concentrations of the other systems investigated, at 40 and 45 wt % Li-AOT, the G00 curves
are not observed to be linear within the viscoelastic region, instead displaying incredibly broad
overshoots, and at 50 wt % Li-AOT, there is a significant change in the observed behaviour.
At this concentration G00 and G0 are linear, but their measured values are within only half an
order of magnitude of each other. At 55 wt %, which is in close proximity to the L¸–VII phase
boundary (an extremely viscous phase), G0 and G00 are almost equivalent, meaning that the
Li-AOT sample can be described as a viscoelastic liquid. This is unexpected, but is presumably
a result of an instability in the microstructure due to transitional defects between the two phases.
It is interesting to note that the system that exhibits the most obvious deviation in behavior from
that of the base system Na-AOT is not that which has a significantly different counterion, but
the system in which the degree of freedom associated with the counterion (and thus the ability
of the counterion to alter the structural properties) is the greatest.
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Once the linear viscoselastic region has been established, more detailed information about
the equilibrium microstructure of lamellar samples can be gained from frequency sweep
experiments, in which the rheological responses of samples are measured over a range of
oscillation frequencies applied at a fixed small strain amplitude within the linear regime (i.e. as
the timescale of deformation decreases). The schematic shown in Figure E2 displays different
characteristic stress responses of different types of non-Newtonian materials, for which the
values of G0 and G00 are dependent upon the applied frequency and the responses can range
from liquid to glassy.

Figure E2: General viscoelastic behaviours of non-Newtonian fluids as a function of angular
frequency. Adapated from the work of Barnes9 and Mezzenga et al.10

Figure E3 shows typical plots of frequency sweeps obtained for the Na-AOT system at different
concentrations. As expected when investigating the viscoelastic response of L¸ phase samples,
the oscillatory measurements show the value of the storage modulus to be higher than that of
the loss modulus. This difference was typically within the range of a single order of magnitude.
In most samples analysed, no frequency dependent G0/G00 crossover event occurred, meaning
that the elastic response of the materials is dominant at the measured relaxation times. In
terms of Figure E2, the elastic response of the L¸ samples can generally be described as
being within the rubbery plateau region at most (if not all) measured frequencies, and they can
broadly be classed as “soft-glassy” materials (gel-like materials with long-range connectivity).
However, as would be expected given that the results reported within this thesis indicate that
the Na-AOT lamellar phase is governed by different intermolecular forces dependent upon the
bilayer spacing, the frequency stress response of the Na-AOT L¸ phase is shown to be heavily
dependent upon concentration. There is a gradual change between different characteristic
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material responses in the Na-AOT system, which is due to evolution in the elasticity of the
L¸ microstructure (see Supplementary Figures section for additional frequency sweeps).

Figure E3: Frequency sweeps of Na-AOT samples showing the frequency-dependence of G0,
G00 and ”* at a fixed small strain amplitude of 0.5 %.

At low concentrations within the L¸ phase, G0 was generally observed to be almost independent
of frequency within the studied range (for the relationship G0 / !n, n < 0.05). The exception
to this being samples in close proximity to the two-phase region, for which a high frequency
instability was observed above ~50 rad s-1. This is likely because the interactions stabilising
bilayers at these concentrations are weak, due to the relatively large bilayer repeat distances
and is consistent with the high degrees of disorder revealed in the cryo-SEM images presented
in Chapter 3. Similar frequency responses have been observed at the 2P–L¸ boundary in other
surfactant systems.11 Away from the 2P–L¸ phase boundary, low concentration samples – e.g.
Figure E3 (a) – display stress responses consistent with those of weak viscoelastic gels, with
G00 also showing only weak frequency dependence (other than at the high frequency extremes)
and a poorly defined plateau minimum. This behavior is likely promoted by the defect structures
highlighted in Chapter 3 (FCD-II defects and a highly curved globular topology) as strong gel-
like behavior is often observed in vesicular systems in which G0 and G00 are normally observed
to both be independent of frequency, and profiles similar to those observed for Na-AOT have
been observed for MLV phases previously.12,13

Upon increasing Na-AOT concentration, a gradual change in stress response occurs, in terms
of a greater frequency dependency for both dynamic moduli (e.g. Figure E3 (b)). The value
of G0 shows a small continuous increase upon the application of higher frequencies, while
more significantly, G00 exhibits a more pronounced plateau minimum. These changes imply that
samples become less gel-like with increasing concentration, which can be attributed to both
the decrease in vesicular-type defects and a decrease in the bilayer connectivity. It is also
an indication of a more classical planar lamellar structure, with the plateau minimum having
previously been attributed in lamellar systems formed by varying classes of surfactant to be
due to the interactions within the elastic network formed by small lamellar domains.11,14–16 This
is consistent with the POM and cryo-SEM observations presented in Chapter 3, which both
indicate the formation of orientated lamellar domains at a Na-AOT concentration of ~45 wt %.
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In the higher concentration region of the Na-AOT lamellar phase, samples continue to exhibit
classical lamellar responses, with a trend towards more plastic-like responses (a move towards
the leathery transition in Figure E2), in which G00 no longer shows a pronounced minimum,
but is observed to increase at higher frequencies. While the relative difference between
the magnitude of G0 and G00 is approximately constant at one order of magnitude at high
concentrations, both responses are at significantly higher stress values than those exhibited
at low concentrations. This is attributed to the stronger, more rigid elastic network arising from
the strong intermolecular forces that govern the system at small bilayer repeat distances, a
factor which is likely aided by the formation of well-aligned bilayers and domains, and a high
concentration of FCD-I defects.

The magnitude of the stress response in the linear viscoelastic region (i.e. the measured
values of G0 and G00) significantly increases with surfactant concentration for the Na-AOT
L¸ phase. G0 and G00 are both several orders of magnitude higher in concentrated samples
than they are in samples of low surfactant concentrations. However, this increase is not
continuous, as the values of G0 and G00 decrease in the region in which the previously
described defective undulating lamellar phase gives way to a more classical L¸ structure. The
discontinuity in the rise of G0 and G00 is consistent with the previously stated observations of
the strain sweep experiments, where this anomaly was also seen. Similar discontinuations in
the elastic response as a function of concentration have been reported within many polymer
solutions and are explained in terms of changes in the degree of entanglement.17 Similar
reasoning may be applicable in the case of the Na-AOT system, as the cryo-SEM investigation
detailed in Chapter 3 revealed a significant decrease in the bilayer connectivity for the sample
concentrations that display a reduced rheological stress response. Figure E4 shows frequency
sweeps for samples within this region.

It can be seen in Figure E4 that for samples between 41.1 and 47.5 wt % Na-AOT, the value of
G0 decreases before subsequently rising between 50.0 and 60.0 wt %. However, the shape of
the G0 plots remain relatively unchanged. In contrast, the measured G00 values do not change
as significantly with concentration, but the shapes of the plots are altered at ! < 1 rad s-1. The
concentration-dependent stress response of a material, as quantified by values of dynamic
moduli, is a function of the microstructure stability. As such, the changes in G0 and G00 are a
measure of the relative strength of the bilayer–bilayer and inter-aggregate interactions in L¸

samples, and hence of the intermolecular forces that govern the self-assembly. The relatively
larger decrease in G0 over G00 implies a weakening of the network strength of the microstructure
and thus the forces that stabilise it. The changes in the shape of the G00 plots are consistent
with this, as they imply that the elastic network and topological connectivity change. These
conclusions are in good agreement with the results presented within this thesis. We described
how the Na-AOT system gradually transitions from an undulating L¸ to a planar L¸ phase, and
within this transition region the highly disordered but extensively connected network of flexible
bilayers gives way to more planar bilayers, which form small orientated domains and appeared
via cryo-SEM to be significantly less interconnected. This crumpling transition was attributed
to reaching the limiting range in which Helfrich forces could contribute to the stabilisation of
the L¸ structure. The loss of this contributing intermolecular force, is likely the underlying
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Figure E4: Frequency sweeps of Na-AOT samples at a fixed strain amplitude of 0.5 %,
highlighting the discontinuous trends with increasing surfactant concentration for the
dependence of G0 and G00 on angular frequency.

cause of the reduction in G0. Reduced connectivity in the L¸ microstructure results in less
restrictions to water diffusion and so is also consistent with the increased water diffusion and
electrical conductivity that occur within this region. Another factor that may partially account for
the change in the value of G0 could be the reduction in the number of FCD-II defects (itself
a factor of the changes in the governing intermolecular forces). Vesicular defects do alter
the rheological responses of the L¸ phase (noticeably the shear thickening observed in the
formation of onion phases); however, this would more likely be a significant factor for closely
packed MLVs containing strong inter-aggregate interactions.

The reduced solid-like response of samples within the region of the crumpling transition is also
easily observed through handling bulk samples, as there is an obvious decrease in the viscosity
of samples within this concentration range. The frequency sweep data described above can
also be plotted in terms of complex viscosity (”*), a measure of the resistance of the equili-
bration structure to flow as a function of angular frequency, defined as ”* =

p
(G02 + G002)/!.

Complex viscosity as a function of angular frequency for a range of Na-AOT concentrations
is plotted in Figure E5, and a relative decrease in the values of ”* can be observed for
sample concentrations of 45, 50 and 55 wt % Na-AOT. ”* is strongly dependent upon the
applied frequency, and decreases linearly for all Na-AOT L¸ samples, an indication that
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Figure E5: Complex viscosity as a function of angular frequency for a range of Na-AOT
concentrations. All measurements were carried out at a fixed strain amplitude of 0.5 %.

samples will display shear thinning behaviour in response to rotational shear. At the majority
of applied frequencies, ”* has a power law relationship with the angular frequency, such that
”* / !-n, with most samples giving values of n ~1 over a frequency range covering at least
two orders of magnitude (see Table E1 for actual values of n, and note that the theoretical
value for a plastic material is 1). Any deviation from this power law is observed in samples
towards each concentration extreme of the Na-AOT L¸ region, while samples in proximity to
the crumpling transition show no plateau either at low or high frequencies. While Figure E5
effectively shows the power law relationship between ”* and !, the discontinuity in ”* as a
function of concentration is more clearly shown in Figure E6, in which ”* and G0 are plotted as
functions of Na-AOT concentration and molar ratio of Na-AOT, respectively, for applied values
of ! = 1 rad s-1 and strain = 0.5 %.

The discontinuous rise in the magnitudes of both G0 and G00 was reported previously for the
Na-AOT system in the publication by Robles-Vásquez et al.8 However, the rationalisation
offered for this behaviour was partially based on the erroneous SAXS data reported by Fontell.
It was reasoned that the reduction in the bilayer repeat distance in Fontell’s ICR (34–42 wt %
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Table E1: Calculated exponents of the power law relationship, ”* / !-n, for a range of Na-AOT
samples, within the ! range of 0.2 to 20 rad s-1.

Na-AOT concentration (wt %) n

10 0.71
15 0.89
20 0.90
25 0.95
30 0.96
35 0.96
40 0.95
45 0.95
50 0.94
55 0.96
60 0.95
65 0.92
70 0.94
75 0.87

Figure E6: Values of ”* and G0 plotted as a function of Na-AOT concentration and molar ratio
of Na-AOT, respectively, measured at a fixed ! value of 1 rad s-1 and at 0.5 % strain.

Na-AOT) would result in a dramatic increase in the double layer interactions. Moreover, upon
further increases in concentration the return to one-dimensional swelling and increase in the
bilayer repeat distance would result in a reduction in double layer interactions and a minimum
contribution of Coulombic forces towards the overall stability of the microstructure, and so a
decrease in elasticity. As discussed in Chapter 3, no such break in one-dimensional swelling
occurs in the Na-AOT system.

Additionally, Robles-Vásquez et al. also state that changes in the counterion environment
may contribute to a weakening of the electrostatic repulsion forces, suggesting that the
Na+ counterion may become bound within the concentration range that displays reduced
G0 and G00 values. The changes that occur in the electrical conductivity with increasing
surfactant concentration were highlighted as support for this theory. However, while the degree
of counterion binding may well change within this region, we do not believe that this is the
cause of the discontinuous stress responses. Firstly, the changes in electrical conductivity
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do not match the concentrations of the rheological changes well as claimed (the changes
in conductivity span a far greater concentration range). Secondly, the increased conductivity
implies increased movement of Na+ ions, which is more convincingly rationalised by a change
in bilayer structure and reduction in the restrictions to water diffusion, resulting from the changes
in defect behaviour highlighted in Chapter 3.

The work presented in this thesis highlights several structural changes that occur within the
Na-AOT system as the surfactant concentration is increased. Specifically, coinciding with the
reduction in the value of G0, is the formation of orientated domains, the reduction in the degree
of bilayer connectivity, and a decrease in the defect concentration as the bilayer transitions
through a region of zero Gaussian curvature. Additionally, we reported that the contribution
of out-of-plane fluctuations, which aid the stability of the L¸ phase at lower concentrations,
is reduced. This is a significant change in terms of the intermolecular forces acting upon
the system, and the transition from a fluctuating to planar arrangement is likely facilitated by
changes in curvature and in the average tail conformation. Such changes do not alter bilayer
spacing of the phase, but do result in changes to the microstructure of the bilayer and thus its
viscoelastic behaviours.

Combining the results presented in Chapter 3 with those reported in this section, we can
state that the structure of the Na-AOT L¸ phase undergoes significant rearrangement upon
increasing concentration. At low surfactant concentrations, a disordered network of undulating
bilayers forms a swollen L¸ phase, which displays weak viscoelastic gel-like rheological
responses. This lamellar region was shown via POM and cryo-SEM to contain many large
FCD-II defects and to have a highly connected microstructure. Upon increasing surfactant
concentration, these structural features are reduced, with the number of FCD-II defects and
the degree of topological connectivity lessened. This results in a weakening of the gel-like
rheological response, and upon a transition from undulating to planar bilayers, the stress
response becomes more dependent upon the applied frequency and samples exhibit more
plastic-like rheological responses. With further increases in concentration, the system forms
classical lamellar structures stabilised by strong intermolecular interactions, which result in
a significant increase in the stability of the microstructure, viscosity and stress responses to
dynamic shear.

The various rheological responses of the Na-AOT phase are all consistent with reports of rheo-
logical behaviours observed in the lamellar phases of other surfactant systems.10,12,13,16,18–23 In
particular, the frequency sweeps produced at low and high concentrations of Na-AOT resemble
those reported in systems that produce swollen and collapsed lamellar phases,12,13,20–23 in
terms of the frequency dependencies of G0 and G00, their measured values, their increase with
concentration, and the order of magnitude difference between them. The power law relationship
”* / !-n also appears to be characteristic behaviour for L¸ phases with weak gel-like responses,
with similar values of n reported elsewhere.24,25 However, as the Na-AOT system produces
continuous 1D swelling rather than two separate L¸ phases, there is a transition region
between the characteristic dilute and classical behaviours resulting in discontinuities in the
behavioural trends. Despite this, the rheological profiles presented previously for the ternary
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DDAB/lecithin/water system can be highlighted as comparable, due to identification of three
different material responses as a function of concentration, relating to a swollen lamellar phase,
the concentrated region of the classical planar L¸ phase, and the dilute region of the planar
L¸ phase for which the reported G0 and G00 values were found to drop relative to the other
regions.22 While the behaviour of some L¸ systems is evident from the characteristic shapes of
the frequency sweeps, it has also been reported that different behaviours can be distinguished
from the rate of change in the stress response of G0 as a function of the molar ratio of surfactant
(as plotted in Figure E6). The gradients reported for the swollen and concentrated L¸ phases
of the DDAB/lecithin/water system are also comparable to those shown here for the Na-AOT
system, particularly for the swollen/dilute L¸ phase.20 While rheology only indirectly probes the
elasticity of the L¸ bilayers, the change in the rheological behaviours displayed by the Na-AOT
system upon changes in concentration are in excellent agreement with the conclusions drawn
from the work presented in this thesis.

After examining the viscoelastic behvaiour of Na-AOT, similar experiments were carried out
on several of the other systems examined within this thesis, using the same experimental
parameters (see Supplementary Figures section for selected results). In general, the results
obtained for the other systems are in good agreement with our previous characterisations of the
systems’ microstructures. The systems and lamellar regions that we have described as being
formed by a highly flexible bilayer showed the more liquid-like responses, while those described
as being more rigid showed more elastic behaviour. This can be visualised by referring back
to Figure E2, with the more fluid systems producing frequency sweeps with behaviour towards
the left-hand side of the rubber plateau region, while the more rigid systems tend towards
the leathery plateau. This can be seen in the examples shown in Figure E7, which presents
the material responses of NH4-AOT and Ch-AOT samples of equivalent concentrations. Even
though the sample concentrations shown are in the more disordered L¸ region of each system,
the increased rigidity of the Ch-AOT bilayer is evidenced by the different dependencies of G00

and the larger difference between the values of the moduli in each system.

In comparison to the Na-AOT system, the frequency sweeps of NH4-AOT and Ch-AOT can be
described as being closer to the flow transition and leather transition regions, respectively. The
discontinuous rise in the values of G0 and G00 observed in the Na-AOT system was observed
for both systems, with an example shown in Figure E8. It was confirmed that this rheological
behaviour exists for each of the systems described in this thesis that transition from swollen
to classical L¸ phases, supporting our assertion that the overriding cause is the changing
contribution of Helfrich forces.

Comparing the frequency dependency of NH4-AOT and Na-AOT, it is noticeable that the
plateau minimum of G00 is well defined in the NH4-AOT system and is retained at high
concentrations, which is not the case for the Na-AOT system. This implies a greater degree
of entanglement/connectivity in the NH4-AOT system. This is consistent with the conclusions
drawn previously after comparisons of the cryo-SEM images of each system, specifically that
the NH +

4 ion results in the system having more L3-like topological features than the Na+ ion,
and that the NH4-AOT system is intermediate to the Na-AOT and K-AOT systems.
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Figure E7: Frequency sweeps obtained at a fixed strain amplitude of 0.5 % for NH4-AOT and
Ch-AOT samples of equivalent concentrations.

Figure E8: Frequency sweeps of Ch-AOT samples at a fixed strain amplitude of 0.5 %,
highlighting the discontinuous trends with increasing surfactant concentration for the
dependence of G0 and G00 on angular frequency.
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The Ch-AOT and Na-AOT frequency sweeps are very similar in appearance. The likely more
rigid bilayer of the Ch-AOT system does, however, result in a shift towards the leathery plateau
transition and at high frequencies both G0 and G00 increase more drastically as a function of
!. G00 increases at a faster rate, such that a high frequency G0/G00 crossover event is almost
reached (at the maximum value of ! tested, 625 rad s-1) for samples of 70 wt % Ch-AOT
and above. Such high frequency relaxation is a common feature of classical L¸ phases, and
indicates that a dissipative energy mechanism exists, possibly some form of reorganisation
within the sample that does not significantly alter its elasticity. It has previously been proposed
for other surfactant systems that the dissipative mechanism may be the lateral movement, or
“sliding”, of bilayers.10

The Na-butylAMA system does not form a L¸ phase at concentrations below 50 wt % surfactant,
and so the system does not form a swollen L¸ phase or undergo a crumpling transition. As such,
the material responses as a function of frequency are comparatively more simple than the AOT
systems, as the discontinuous behaviour observed in the other systems is not seen. Instead
the frequency sweeps of the system all indicate a plastic-like response for L¸ samples, and
are very similar to those observed in the Na-AOT system at equivalent concentrations. The
values of the dynamic moduli increase with concentration (other than in the region of the L¸–VII

phase transition) and the shapes of the G0 and G00 curves can be described as belonging
to the rubbery plateau region, but approaching the leathery transition indicated in Figure E2
(G00 is approximately independent at low values of !, but increases sharply at high !). These
rheological profiles can be explained in terms of the L¸ phase having a strong elastic network,
which is stabilised by the strong intermolecular interactions that govern the system over the
small bilayer repeat distances at which the L¸ phase exists. At low surfactant concentrations,
the micellar and two-phase regions give very different responses, with viscoelastic behaviour
(G0 > G00) only observed in the latter. However, the dynamic moduli are highly dependent on !

in the two-phase region and do not show a stress response typical of a pure L¸ phase.

The Li-AOT system, which produced anomalous strain sweeps that were much more liquid-like
than the comparable L¸ phase samples of the other systems, also produced curious frequency
sweeps. The measured values of G0 and G00 were lower in comparison to the other systems, and
the two moduli were much closer in value to each other than the order of magnitude difference
predominantly observed for the other systems. In terms of frequency dependencies, G0 slightly
increases with ! as generally observed in the other systems, however, the shape of the G00

curves is very different. At most concentrations, G00 does not plateau, and shows a somewhat
independent relationship with !, a possible indication of some gel-like characteristics. However,
in some cases, G00 shows small increases and decreases upon increasing !, and so it is
also possible that the microstructure of the Li-AOT system is weaker and adapts to oscillatory
shear on much shorter timescales than the other systems studied. Indeed, it is possible that
the anomalous behaviour of Li-AOT is due to a weak microstructure that is susceptible to
damage during sample loading. The cause for the apparent differences in the Li-AOT L¸ phase
microstructure is likely due to the large degree of freedom in the system, with the Li+ ion able
to adopt different hydration and binding behaviours, possibly in response to shear. This system
requires further work before confident conclusions can be drawn regarding its microstructure.
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In this thesis, our assertions regarding the evolution of » and »̄ with concentration in the
L¸ phases of the AOT systems were supported by the addition of NaCl to the Ch-AOT and
NH4-AOT systems. These systems required drastically different concentrations of NaCl to
be added before a L¸–L3 phase transition was induced, with the Ch-AOT L¸ phase being
able to incorporate relatively large amounts of NaCl before the transition occurred (nearly
10 times that of the NH4-AOT system). Figure E9 shows how the frequency response of the
Ch-AOT L¸ phase (~60 wt % surfactant) changes upon the addition of NaCl. As the NaCl
concentration is increased, the shielding of electrostatic repulsion forces is increased, and so
the electrostatic contribution to the governing self-assembly forces is reduced. This weakens
the L¸ microstructure, evidenced by a reduction in both G0 and G00. However, as shown in
Figure E9, the relative changes in the moduli are small for samples containing up to 3 wt %
NaCl. For samples with NaCl concentrations of 4 and 5.5 wt %, the reduction in G0 and G00 is
much more significant and the two moduli also become closer in value, indicating a more fluid
response. For the 5 wt % NaCl sample, G0 and G00 approach crossover transitions at both the
high and low extremes of ! shown. Upon formation of the L3 phase (6 wt % NaCl), the material
response is drastically changed, with G00 > G0. The moduli are heavily dependent on the applied
frequency, and the behaviour is firmly in the viscous (fluid) regime shown in Figure E2.

Figure E9: Frequency sweeps showing the changes in the dynamic moduli as a function of
angular frequency (at 0.5 % strain) for Ch-AOT/NaCl samples approaching a L¸–L3 transition.
The Ch-AOT concentration is ~60 wt % for all samples and a L3 phase is formed at a NaCl
concentration of 6 wt %.

Flow Behaviour

Somewhat surprisingly, given the commercial importance of Na-AOT, the flow behaviours of
the liquid crystalline regions have not been well-characterised. In the initial investigation of
Robles-Vásquez, this behaviour was limited to a single graph, showing the viscosity plotted as
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function of shear for a few surfactant concentrations, within a limited range of shear rates.8 The
material response of the L¸ phase was reported to be shear thinning, and the steady state
responses of the samples were reportedly reached after a few minutes. In comparison, the
Na-AOT/brine/water system has been the focus of many studies, with the formation of an onion
(MLV) phase reported at some surfactant/salt concentrations.3,26–28

The steady state response of samples upon deformation is normally investigated as a function
of shear rate (‚̇) and presented in the form of flow curves. The sample response to the applied
rotational shear is measured for a range of shear rates and then plotted in terms of either
shear stress (�) or shear viscosity (”) (the parameters are related by ” = �/‚̇). Lamellar
samples often exhibit non-equilibrium structures under flow conditions, and thus non-linear
stress responses as a function of shear rate, due to the different structural rearrangements that
can occur. The normal expected response of a L¸ phase is shear thinning behaviour as the
bilayers align in the flow direction and any structural aggregates decrease in size. However,
shear thickening responses are also frequently seen upon the shearing of L¸ phases with
significant defect concentrations, and are indicative of the formation of an onion phase. While
not the thermodynamic equilibrium structures of such systems, onion phases can be extremely
stable once formed and have many practical uses.29

While it was not feasible in the time limits of this work to fully characterise the flow behaviour
of each of the systems studied in this thesis, several were briefly investigated in an attempt
to show their general flow behaviour, and to identify any regions where possible L¸ to onion
transitions may occur. The L¸–onion transition has been reported in many surfactant systems
to be governed by the values of the elastic moduli and the applied shear rate. The size of
the onions produced in these systems is then directly dependent upon the applied shear.30

Unfortunately, as discussed below this does not appear to be the case for the AOT-related
systems investigated here, and a true steady state response of the surfactant structures was
not achievable at all concentrations.

First reported in the 1990s,31 the onion phase, and particularly the mechanism of the L¸–onion
transition, has remained a topic of interest ever since. Diat and coworkers produced the first
dynamic phase diagrams, which revealed different three structural regions depending on the
shear rate.1,2,31,32 It was eventually established that a transition from L¸ bilayers to onions
is followed by the close packing of the onion structures, which then decrease in size as
a function of shear rate. Since then, much work has gone into the understanding of this
mechanism; however, the principle of the three behavioural regions still stands. The phase
generally shows an intermediate region of shear thickening behaviour between two shear
thinning responses that obey different power law behaviours, as a function of shear rate. With
increasing shear, the lamellar phase undergoes an alignment in the shear flow (shear thinning),
the formation of onion structures (shear thickening), and then the close-packing of the onions
and peeling/stripping of the bilayers resulting in a decrease in their size. In some systems, very
high shear rates result in the rupture of the onion phase and the formation of a well-ordered and
aligned L¸ phase with limited defects.33 A typical rheological response is shown in Figure E10.
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Figure E10: Schematic of a general flow curve for a sample that undergoes a L¸–onion
transition.

More recently, the exact nature of the transition mechanisms of the planar lamellar to onion
formation and the reorientation of the lamellar bilayers in the flow have been the topic of debate.
Much of this work has been completed by either Fujii4,5,34–36 or Gentile and coworkers,6,7,29,37

with two broad transition mechanisms proposed. Firstly, that onion formation is due to coherent
stripe buckling of bilayers, resulting from the coupling of thermal undulations with strain.
Secondly, that the cause of the transition lies in the defect behaviour of the lamellar phase,
and that the formation of FCD-I defects is essential for onion formation. The first of these ideas
is based on the work of Zilman and Granek,38 with various pieces of supporting evidence
published elsewhere,39,40 most recently the scattering experiments of Gentile.7 The second
stems from the ideas of Oswald,41 and has support from Fujii.34,35,42,43 Interestingly, both of
these proposals are consistent with a proposed intermediate structure of leeks (multilamellar
cylinders) forming perpendicular to the flow,39,40,44 and both Fujii and Gentile have at least in
part attributed the shear thickening region to a reorientation of the lamellar layers in the flow.4,7

Despite the exact mechanism remaining unproven, the onion phase formation has been shown
to be dependent on bending energy of the bilayers and so the values of the elastic moduli.

The mechanism of onion phase formation has clearly been the detailed focus of other studies,
with often only a few sample concentrations being studied, so that a range of variables can
be investigated extensively via a range of in-situ rheological scattering techniques. It was not
our intention to investigate the nature of this transition further, but to report whether such a
transition exists in the various systems studied in this thesis, and to report the relative flow
behaviours of the systems. We do, however, report several cryo-SEM images of samples
within the L¸–onion transition region, obtained at different shear rates, which may indicate the
formation of multilamellar cylinders (MLCs/leeks) during the process.
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For a measured flow curve to provide accurate and meaningful information, the experimental
conditions must allow the true steady state response of the sample under shear to be
reproducibly measured. L¸ samples contain a variety of defects, can have very long relaxation
times over which steady state responses are achieved, and such responses are notoriously
dependent upon the shear history of the sample. Producing reliable data for such systems is
not trivial, and care must be taken when designing procedures and handling samples. For this
work, freshly equilibrated samples were used for each experiment, which were then repeated
to confirm the reproducibility of the results. The use of a pre-shear procedure was ruled out, as
altering the microstructure of the sample before investigating its shear response was deemed
counterintuitive.

The importance of measuring the true steady state response of the system can be visualised
in Figure E11, a plot of the raw data obtained during a flow curve (over a large range of shear
values). Normally, the viscosity/stress values plotted in flow curves are those obtained after a
user-defined period of shear (i.e. the averaged sample response of the last few data points is
plotted, which are recorded once the sample response has stabilised). In Figure E11, all data
points measured for each shear rate are plotted. The variation in the measured response at
each shear rate thus indicates the degree of change in the sample response as a function of

Figure E11: Raw data collected for a flow curve of a 50 wt % Na-AOT sample, at a wide range
of shear rates (‚̇). The sample response is plotted in terms of shear stress (�) and viscosity (”),
where ” = �/‚̇. The sampling time at each shear rate was 4000 s, and data was collected every
10 s. The sample was rested for 4000 s before each new shear rate was applied. The large
variation in either response for any given shear rate is an indication that a steady response was
not achieved quickly, if at all.
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the measured time. At some sample concentrations, the time taken to achieve a steady state
response is short and the variation in the stress response is small. This is the case between 0.1
and 1 s-1, where there was little variation in the stress response within the measured timescale.
However, many rheological samples do not reach a steady state response quickly or without
first undergoing a significant initial yield stress. When the steady state response requires
overcoming a significant change in viscosity, either via a sudden jump or via a long gradual
change in the measured response, there is a large variation in the measured stress/viscosity
values, as seen for shear rates above 200 s-1. If the chosen timescale of the experiment is too
short, the plotted data point is measured before the true sample response is achieved, and
is thus inaccurate. Figure E11 demonstrates that this can be a significant issue, as for some
shear rates the variation in viscosity response with time is more than an order of magnitude.
Similarly, if the user was to average the stress response of the sample over the entire duration
of shear (rather than the average the last few measured values), the value plotted in the flow
curve would equally be far removed from the true value.

Despite these efforts, locating and measuring at the true steady shear response time is not
always trivial or in some cases achievable. When the required sample relaxation time at
each shear rate is too large, measuring a flow curve over a large range of applied shear
rates (to achieve a significant number of data points) becomes impractical. The run time for
such experiments can reach several days and surfactant/water samples become prone to
dehydration. Although we modified our rheometer to provide a humid atmosphere in order to
limit the dehydration of samples, some of the experiments attempted spanned several days, and
dehydration inevitably resulted in a compositional change in the sample before the experiments
were completed. As such, any observed change could then be a factor of two different variables
(shear or concentration). Additionally, analysis of samples via fixed shear experiments revealed
that for some sample concentrations the shear response oscillated within a large response
range, never reaching equilibrium, a likely indication of coexisting and competing structures
(see Figure E12, which shows the stress responses of a Na-AOT sample at a series of applied
shear rates as a function of time). It was also observed that the structural transition presented
for some samples and experimental conditions did not occur on reproducible timescales at fixed
shear rates, and could be induced quite suddenly after very long shear times (up to 30,000 s).
Sometimes this transition, which was shear thickening, was also accompanied by the ejection
of a small amount of sample from the geometry.

Given these issues, two questions must be asked. Firstly, how much of the data presented in
Figure E11 can be considered reliable and reproducible? And secondly, if the steady state
response of samples cannot be ensured, what experimental conditions should be used to
produce flow curves that adequately detail the general flow behaviours of the systems? It
is clear from the data plotted in Figures E11 and E12 that at extremely low shear rates
the rheometer is incapable of accurately maintaining the correct shear (for some samples),
introducing error into the data at shear rates below 0.05 s-1 (sample dependent). The larger
problem occurs at high shear rates. Where the sample response undulates over a large stress
or viscosity range, the true steady state response cannot be established, and data collected
once any sample was ejected from the geometry is clearly not valid. Fortunately, for the sample

351



Appendix E

Figure E12: The stress responses of Na-AOT L¸ sample as a function of time during a flow
curve experiment. A steady state response is seen for shear rates of 0.01, 0.1 and 1 s-1. For
shear rates of 10, 100 and 1000 s-1, a steady state has not been reached, and the stress
responses of the samples fluctuate with time. In the cases of 100 and 1000 s-1, the variation in
stress response is as large as an order of magnitude. Noisy data are observed for 0.001 s-1,
indicating the instrument is incapable of maintaining the application of the correct shear rate at
low limits.

shown in Figure E11, the structural behaviour of interest (the L¸–onion transition) occurs within
the region of reliable data. The viscosity profile clearly shows shear thinning behaviour between
0.1 and 1 s-1, followed by a small shear thickening region (likely due to the onset of the onion
transition), and another shear thinning region prior to the stress maximum and sample ejection
at 200 s-1. While the data beyond this point is not valid, the appearance of the stress maximum
and ejection of the sample does provide evidence of a shear thickening structural transition
(possibly due to the close-packing of onions), thus the presence/absence of this behaviour
can itself be used as an indication of whether the onion phase is formed. Beyond this, data
collected after the point of sample ejection is not reliable, although somewhat surprisingly, if the
remaining sample is left under the rheometer and the shear rate cycled back from high to low
shear, a viscosity near that of the starting structure is reached. This indicates that the apparent
extreme shear thinning indicated by the unreliable data may be a real behaviour, and the onion
phase formed is able to revert to a lamellar structure on the application of low shear.

As indicated above, initial attempts to obtain true steady state flow curves resulted in the use
of long experiment times (peak holds of up to 12,000 s at each applied shear rate, followed
by a 12,000 s equilibration time before the next applied rate). Once it became clear that this
was still not sufficient to achieve a steady state response during transition regions of the flow
curves, it was realised that the long experiment times were not beneficial or a guarantee of
obtaining higher quality data. After repeated experiments using a range of different shearing
times, a time of 1000 s at each shear rate was selected for all measurements. The value of
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1000 s was chosen as it was the minimum time required to adequately resolve the two apparent
transition regions of the flow curve (and the locations of the regions correlate well with data
collected at extremely long shear times). As the transition regions are adequately resolved
and the experiment times are sufficient to measure the steady state data outside of the high
shear values, the flow curves produced are sufficient to describe the general phase behaviour
and identify the onion transition in the samples investigated. However, the flow curves would
perhaps be better described as “initial state” flow curves, rather than “steady state” flow curves.
Figure E13 shows the deviation in the location of the transition regions when shorter shearing
times were applied.

Figure E13: Flow curves for a single Na-AOT sample concentration carried out using different
measurement times for the applied shear rate. The curves illustrate the importance of using
a suitable measurement time. The use of 10 and 100 s measurement times not only show
unreliable data at low shear rates, but also miss one of the transition regions observed with
longer measurement times.

Figure E14 shows the region of the flow curve in which the L¸ to onion transition observed in
many of the surfactant systems occurs for a 50 wt % Na-AOT sample. Some similarities with the
general/expected flow curve shown in Figure E10 are obvious, with the shear thinning/shear
thickening/shear thinning regions all clearly exhibited. For this Na-AOT concentration, the
shear thickening region shows a small increase in viscosity. The relative increase in viscosity
was observed to change with sample concentration, and is reduced to a plateau at some
concentrations (as observed previously in other lamellar systems6,45). However, the graph is
not a perfect reproduction, in that a second period of shear thickening is observed at higher
shear rates (and results in the stress maximum and ejection of sample from the rheometer
geometry). The ejection event may be caused by the close-packing of onion structures (many of
which share outer layers) resulting in a sharp increase in viscosity. Alternatively, the presence
of two shear thickening regions and the sample ejection may both be due to the continued
competition between co-existing L¸ and onion states.
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Figure E14: Flow curves obtained for a 50 wt % Na-AOT sample, with the shear response
plotted in terms of shear stress (left) and viscosity (right). The data points shown in blue indicate
the sample response at shear rates used in subsequent cryo-SEM studies of the same sample
concentration.

We have already reported that the material response oscillates with time at high shear rates
(once the L¸ to onion transition region is reached). It is therefore apparent that the application
of a fixed shear rate is insufficient to drive the sample to a steady state response, and it is
reasonable to assume that this means the sample is not driven towards the formation of a “pure”
onion phase, but that the onion and lamellar structures co-exist (alongside any intermediate
structures). The presence of different species, with different rheological responses, would result
in instabilities and banding within the sample under shear. Such competition would give rise to
the noisy/variable data in the regions of the L¸–onion transition within the obtained flow curves
and thus can explain the appearance of two shear thickening regions. If the instability caused by
the presence of mixed states within the sample is severe enough, and the relative viscosities of
the different structures present are drastically different, this competition is a logical explanation
for the expulsion of sample from the rheometer.

The formation of onion structures within the 50 wt % Na-AOT sample discussed above
was confirmed using microscopy techniques, with the resulting cryo-SEM images shown in
Figure E15. The shear rates used to obtain these cryo-SEM images are represented in the flow
curve of Figure E14 in blue (although the sheared samples were actually obtained via fixed
shear experiments, rather than flow curve experiments). Onion structures can be observed in
samples sheared at 50, 100 and 200 s-1, with the size of the onions decreasing as a function
of shear rate, consistent with standard behaviour. At a shear rate of 5 s-1, no onion structures
were seen, but the lamellar phase was observed to contain highly defective regions (shown in
Figure E15) and highly orientated regions (see Supplementary Figures). The 5 s-1 shear rate is
within the first shear thickening transition region shown in Figure E14, and hence the cryo-SEM
images indicate that the thickening/plateau is likely caused by a rearrangement of the lamellar
orientation and/or the changes in defect behaviour. While the onions formed at 200 s-1 were
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approximately uniform in size, the samples obtained at 50 and 100 s-1 were not homogeneous
but showed the coexistence of different structures, consistent with the theory proposed above.
This can be seen in the low magnification images (see Supplementary Figures). In particular,
the 50 s-1 shear rate image shows an array of orientated leek structures rather than the large
onion structures seen in Figure E15.

Figure E15: Cryo-SEM images of 50 wt % Na-AOT samples after fixed shear experiments. The
samples were sheared for 20,000 s, at the shear rates indicated, directly before being frozen
for analysis via cryo-SEM.

Very similar sample responses to those discussed here (specifically in terms of the variable
timescales observed for the fixed shear onion formation, and the ejection of the sample from
the geometry upon the transition occurring) were reported for L¸ and L3 samples of the
Na-AOT/brine/water system by Léon.3 However, they attributed the variable transition time to
the nucleation process of the onion phase, rather than question the assumed dependency
of the onion phase on the applied shear rate. It had actually been reported previously that
the system in question gives more reliable results when the controlled variable is the shear
stress rather than the shear rate. While the formation of onion phases reported in the literature
are predominantly found to be governed by the applied shear rate, Bergenholtz and Wagner
showed that the transition in the Na-AOT/brine/water system requires a critical amount of
deformation.26 They reported that by operating at fixed values of shear stress, a “pure” onion
phase could be produced, with the onion size governed by the relationship R / �-1/2. In contrast,
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they stated that working with fixed values of shear rate did not produce “pure” onion phases, but
biphasic mixtures. This work supports our previous assertion that it is our use of shear rate as
the fixed experimental parameter that is responsible for the steady state response of samples
not being achieved. It also supports our theory that the co-existence of different structure types
is the cause of erratic data and sample ejection.

Figure E16 shows two experiments in which controlled shear stress values were applied to
a sample of 50 wt % Na-AOT, and the response in both samples appears to indicate that a
critical stress value promotes a structural transition. Control of the shear stress is clearly the
better option for studying these AOT-related systems (and is recommended for future studies);
however, this was not ascertained in enough time to make repeating the experimental work
reported here feasible. It is worth reiterating though, that even though “pure” onion phases are
not produced in these systems under controlled shear, the instability leading the ejection of the
sample implies that onions are formed (confirmed via cryo-SEM). As such, the ejection of the
sample upon entering the shear thickening region for any given surfactant concentration, can
be taken as confirmation that the sample does produce a L¸–onion transition upon significant
deformation. It is for this reason that the flow curves produced for the surfactant systems studied
(see Supplementary Figures) are plotted with the full range of measured data, as the apparent
extreme shear thinning behaviour (drastic drop in viscosity) that occurs after the sample ejection
allows this behaviour to be characterised.

Figure E16: Material response of a 50 wt % Na-AOT sample, upon the controlled variation of
stress. The results of varying oscillatory shear (left) or shear stress (right) are shown. The data
in both graphs indicate a critical value of applied stress above which the viscosity response
abruptly decreases.

A section of the flow curve for 50 wt % Ch-AOT is presented in Figure E17, which shows
this sample also undergoes a L¸ to onion transition. In this case, the transition starts at lower
shear rates than in the Na-AOT sample of equivalent concentration, with the onset of shear
thickening occurring below 0.5 s-1. Similar to the Na-AOT sample, there appears to be two
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Figure E17: Flow curves obtained for a 50 wt % Ch-AOT sample, with the shear response
plotted in terms of shear stress (green) and viscosity (black). The red dotted lines show the
shear rates that were used in subsequent cryo-SEM studies of the same sample concentration.
The schematic shows the approximate structural changes that occur upon increasing shear
rate.

small periods of shear thickening before the drastic drop in sample viscosity, essentially making
an extended plateau region. Again, this variation is likely due to the biphasic nature of the
sample and the competition between different structures with different rheological responses.
A schematic illustration above the graph in Figure E17 shows the expected general structural
trend with increasing shear rate. While the onion structures formed in the systems studied were
in competition with other structures rather than pure, the schematic is in good agreement with
the cryo-SEM images obtained during fixed shear experiments for 50 wt % Ch-AOT samples,
shown in Figure E18. The size of the onions in the cryo-SEM images can be seen to decrease
upon the application of higher shear rates (although as discussed for Na-AOT, the controlling
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factor is likely the degree of deformation in each sample rather than a direct dependence on the
shear rate). The shear rates used to obtain the images are indicated in Figure E17 by dotted
red lines, and lower magnification cryo-SEM images are included in the Supplementary Figures
section.

Figure E18: Cryo-SEM images of 50 wt % Ch-AOT samples after fixed shear experiments. The
samples were sheared for 20,000 s, at the shear rates indicated, directly before being frozen
for analysis via cryo-SEM.

Selected flow curves for the various systems studied are shown in Figure E19 (see the
Supplementary Figures section for additional data). The plots for K-butylAMA, NH4-AOT and
Li-AOT show that some sample concentrations within each system produce flow curves
similar to those described above, with three regime responses observed (shear thinning/shear
thickening/shear thinning). The sharp drop in viscosity upon the application of high shear rates
in these samples indicates the formation of onion structures. Onion formation was confirmed in
the K-butylAMA system; however, sheared NH4-AOT and Li-AOT samples were not analysed
using cryo-SEM. NH4-AOT and Li-AOT samples were analysed via POM after the application
of shear, with the resulting textures for some surfactant concentrations consistent with the
formation of onions after the application of significant shear. The data presented for the
Na-butylAMA system shows the change in sample response upon increasing concentration,
with a shear thickening/plateau region not observed in samples close to the L¸–2P boundary.
The Na-AOT flow curves show the differences observed in transition region for samples of
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Figure E19: Selected flow curves obtained for L¸ phase samples of the various systems
studied.
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different concentrations, while those of Ch-AOT show the stark difference between the high
concentration samples that form onion structures and a low concentration two-phase sample
that does not.

Collection of more data would be needed in order to make confident conclusions from com-
parisons between the various flow behaviours/shear responses of each system at different
surfactant concentrations. In particular, data should be collected using fixed shear stress val-
ues. However, the various systems can broadly be described as displaying similar behaviours.
At low shear rates, a yield stress was generally observed rather than a Newtonian flow
plateau. This is common for lamellar samples and can be explained by the presence of defects
and domains/grain boundaries, which provide a resistance to the bending of bilayers under
shear. All the systems display shear thinning behaviour, with the rate at which the viscosity
decreases as function of shear rate appearing to change between systems, and then within
each system increasing slightly as a function of concentration. Each system appears to undergo
a concentration dependent L¸–onion transition on the application of high shear rates. From
the evidence gathered, this transition appears to require a high surfactant concentration, as
shear thickening regions were not observed in low concentration samples, nor were sudden
changes in viscosity observed, or onion structures visible in post-shear samples analysed
via cryo-SEM. However, further work including stress controlled experiments is needed to
confirm this, and the possible role of other parameters should also be considered, such as
the gap size between the rheometer geometry and base plate. One possible explanation for
the concentration dependency may be the reported need for the presence of FCD-I defects in
samples for the transition to take place, with the formation of the various shear-induced defects
that facilitate the transition likely dependent on the values of the elastic moduli.5,36

Cryo-SEM images obtained for samples after fixed shear experiments, carried out within the
shear range of the L¸–onion transition, are displayed in Figures E20 and E21. The images
in Figure E20 show that the formation of a “pure” onion phase was not achieved upon the
application of a fixed shear rate. Regions within each sample analysed via cryo-SEM were seen
to display different behaviours, with the coexistence of lamellar bilayers and onion structures
clearly evident. Additionally, the lower magnification images shown in Figure E20 reveal bands
of different behaviours, which is consistent with our theory that the instability arising from
competing structural forms is responsible for the ejection of sample at high shear rates during
some experiments. The image captured for a 50 wt % Ch-AOT sample sheared at 100 s-1,
shows the formation of three distinct bands. A relatively ordered band of L¸ bilayers can
be seen to neighbour a region of onions with a narrow size distribution, and a transitional
region containing onions of varying size and many cylindrical leek-like structural defects. Such
defects were observed in many of the sheared samples, most commonly those that had been
subjected to a relatively low shear rate within the transition regions of their flow curves, but also
in samples that were analysed after ejection from the rheometer. Figure E21 shows a selection
of the behaviours observed for various samples and applied shear rates. The top left figure
is particularly interesting as it shows a large array of short oily streaks, which appear to be
forming leek structures. It is feasible that the initial stages of the L¸–onion transition involve
the reorientation of the lamellar layers and the formation of arrays of FCD-I defects, which then
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Figure E20: Cryo-SEM images for various samples captured after fixed shear experiments. The
images reveal the inhomogeneous nature of the samples under shear, and the onion structures
produced are seen to coexist with regions of normal lamellar bilayers. The low magnification
images show bands of different behaviours within samples. The 40 and 50 wt % Ch-AOT
samples shown were subject to a fixed shear time of 20,000 s, while the Na-AOT images show
the post-shear state of material that was ejected from the rheometer geometry after ~12,000 s.
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Figure E21: Cryo-SEM images for various samples captured after fixed shear experiments.
The images show the different behaviours that occur within the L¸–onion transition. All images
show samples frozen after a shear time of 20,000 s, except for those showing a 50 wt % Na-AOT
sample sheared at a rate of 200 s-1, for which the images show material that was ejected from
the rheometer geometry after ~12,000 s. Various behaviours and structures can be identified,
including the formation of an array of ordered oily streaks (top left), leek/MLC structures (top
right and middle left), the stripping of L¸ layers (middle right), the inhomogeneous distribution
in onion size at low shear (bottom left), and the narrow size distribution, close-packing and
polyhedral shape of onions at high shear (bottom right).
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break down into leek and subsequently onion structures. The role of oily streaks is consistent
with the apparent concentration dependence of the onion transition observed within the AOT-
related systems studied here, and also with the transition mechanism supported by Fujii.5,36

However, this observation is highly speculative, as the samples investigated here did not form
“pure” onion phases, and the cryo-SEM images show samples frozen after shear has ceased,
and hence samples under shear and thus undergoing the L¸–onion transition have not been
imaged directly.

Flow Behaviour of the K-AOT Sponge Phase

Flow curves were also obtained for the K-AOT system and used to investigate the shear
response of the sponge phase formed in the concentration range of 30 to 58 wt % surfactant.
Sponge phases are often characterised based on their low viscosity, despite being found at
relatively high concentrations. They tend to exhibit no significant viscoelastic behaviour and
Newtonian flow of low viscosity upon the application of small rates of shear. However, above
a critical shear rate, shear thinning responses are normally observed, indicating the local
alignment of bilayers and the formation of a lamellar phase orientated in the flow direction.46,47

The L3–L¸ transition is often accompanied and identified by flow/streaming birefringence. This
birefringence is often quoted as a way of characterising/confirming the formation of a L3 phase,
although there are examples of L3 phases in some systems in which flow birefringence is not
observed.48 Upon the application of significant shear, L3 phases can also form the onion phase
described above.

Figure E22 shows flow curves for K-AOT samples between 10 and 55 wt % surfactant, with
the curves of the L3 and L¸ samples plotted separately (but on the same scale). The curves
of the L¸ phase samples are similar to those described above for the other AOT systems, with
samples displaying two regions of shear thinning behaviour. Samples of 10 and 20 wt % K-AOT
show a plateau (10 wt %) and peak (20 wt %) between these regions due to periods of shear
thickening, while the 30 wt % sample (which is close to the L3–L¸ phase boundary in terms of
both concentration and temperature) is shear thinning at all concentrations. In contrast, samples
of 35 and 40 wt % K-AOT, which are within the L3 region of the system, show Newtonian
flow, with the onset slightly delayed by an apparent small yield stress observed at very low
shear rates. The sample of 45 wt % surfactant shows a slightly larger yield stress, but the
subsequent Newtonian flow is displayed for over four magnitudes of the applied shear rates,
which at 10,000 s-1 approaches the capability limits of the instrument. The L3 samples at the
higher concentrations of 50 and 55 wt % K-AOT show significantly different behaviours, and are
more akin to the L¸ samples, with shear thinning behaviour dominating at most of the applied
shear rates. However, neither sample shows evidence of a phase transition such as the onion
formation described above, and all L3 samples trend towards the same Newtonian flow line at
high shear rates, equating to viscosity values of ~0.3–0.9 Pa.s.

The difference in behaviour for the more concentrated L3 phase samples is consistent with the
SAXS data presented previously in Figure 5.2, which shows the development of a shoulder
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Figure E22: Flow curves obtained for the K-AOT system, with the shear response of samples
as a function of concentration presented in terms of shear stress (�) and viscosity (”).

to the diffuse scattering appearing in the profiles at 50 and 55 wt % K-AOT, at a q value
of ~1.5 nm-1. The rheology data in Figure E23 provides further evidence of some structural
ordering in the higher concentration L3 samples. This is likely an increase in the short-range
correlations within the phase prior to transition to a VII phase, facilitated by a reduction
in Helfrich forces with increasing surfactant concentration, and it should be noted that the
elucidated phase diagram of the system (see Figure 5.1) shows high concentration L3 samples
to undergo a different phase transition upon heating than those of lower concentrations (as
discussed in Chapter 5). Increased order within the high concentration region of the L3 phase
is also evidenced by the existence of weak and limited viscoelastic behaviour for these samples
(no viscoelastic region was observed between 35 and 45 wt % K-AOT). However, the phase is
still primarily disordered, and as shown in Figure E23 (b), despite the frequency sweep being
performed at a low strain amplitude of 0.1 % (within the linear viscoelastic region of the system),
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the phase has a terminal low frequency crossover of G0 and G00 and is best described as a
viscoelastic fluid. Figure E23 (c) shows that the flow behaviour of the sample is retained with
little hysteresis upon a reversal of direction (travelling from high to low shear rates).

Figure E23: Rheology responses for a sample of 55 wt % K-AOT, with (a) a shear sweep
experiment measured at a fixed angular frequency of 1 rad s-1, (b) a frequency sweep,
measured at a fixed strain amplitude of 0.1 % and (c) a flow curve obtained by varying the
applied shear rate in the low-high direction and then the high-low direction.

Aside from their responses at low shear rates, the L3 samples of 35–45 wt % K-AOT occupy
a relatively small region of viscosity values, although the viscosity does increase slightly as
a function of concentration, consistent with reported behaviours of other systems.48,49 The
fact that the samples predominantly display constant Newtonian flow, and that it is retained
up to high shear rates, would appear to imply that no shear-induced L3–L¸ transition occurs.
However, we do note that short-lived L3–L¸ transitions have been reported in L3 phases
previously for systems without a significant change in viscosity (the transitions were inferred
from the observation of shear birefringence).46 Shear birefringence was not observed in any of
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the K-AOT L3 samples upon handling or via POM, although the rheometer set-up used did not
allow us to observe the birefringence of samples under shear.

The L3 phase samples did not show any evidence of a L3–onion transition occurring,
despite this behaviour having been reported previously from the sponge phase of the
Na-AOT/brine/water system.3,50 Fixed shear experiments were carried out at a variety of
shear rates for K-AOT L3 samples, with long experiment times of up to 40,000 s. However, no
shear-induced transitions were observed to occur, and no deviation from the Newtonian flow
was evident in the rheograms. Additionally, samples viewed by cryo-SEM and POM, before and
after shear, were not observed to be noticeably different. This indicates that any shear-induced
changes to the sample structure that do occur are short-lived and that the L3 structure is quickly
regained upon relaxation. Results of a fixed shear experiment are presented in Figure E24,
which shows the shear response of a 35 wt % K-AOT sample at a fixed shear of 10 s-1, both at a
fixed temperature of 25 �C and upon the temperature being increased at a rate of 1.5 �C min-1.
When the temperature is fixed at 25 �C, the shear response is steady and the viscosity remains
low. When the temperature is slowly ramped, a sharp increase in viscosity occurs once the
L3–L¸ transition temperature reported in Chapter 5 is reached. After this point, the sample
viscosity continues to gradually increase within the recorded temperature range.

Figure E24: Graph showing the results of steady shear experiments for a 35 wt % K-AOT
sample, at a fixed temperature of 25 �C and upon increasing temperature. The applied shear
rate was 10 s-1 and the temperature was increased at 1.5 �C min-1.

It is somewhat remarkable that structures that are bicontinuous, but disordered in three
dimensions, exhibit Newtonian behaviour. However, the flow behaviour of the K-AOT phase
is comparable to that seen in sponge phases formed in several other surfactant systems,
which also show no measurable shear effects on the microstructure.48,51–55 An explanation
for this behaviour is offered by Snabre and Porte in terms of a stress relaxation mechanism,
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in which the minimum surface of the sponge phase is not entangled and can be stretched
easily under flow conditions without breaking its major structure (i.e. without breaking the bilayer
passages).51 This means that the sample can undergo flow without a significant reorganisation
of the equilibrium structure, even at extremely high shear rates. Such a mechanism is difficult
to prove, and further investigations would require more advanced techniques than the use of
rheology alone. However, the K-AOT L3 phase is a further addition to a growing list of sponge
phases that do not exhibit several features that were once considered to be characteristic of
the phase. Sponge phases formed by different surfactant systems are clearly not all equivalent,
and given their growing industrial importance,56–60 further investigations into the rheological
behaviours of such phases are required.

Summary

In this section, we have reported rheological data relating to several of the systems investigated
in the main body of this thesis. The viscoelastic behaviours of the different systems were
reported and discussed in terms of the relative stabilities of their equilibrium microstructures,
and how they evolve with increasing concentration. The response of L¸ and L3 phases as a
function of shear rate was also reported, with an apparent concentration-dependent and stress-
controlled L¸–onion transition observed in the L¸ systems, and predominantly Newtonian flow
observed in the K-AOT sponge phase.

Rheology does not directly measure the elasticity of L¸ bilayers in terms of the elastic moduli
» and »̄, but it does approach the investigation of the L¸ microstructure in a different way. The
study detailed here is not comprehensive and by no means fully characterises the rheological
responses of any of the systems studied, but the data obtained does provide further support
for the assertions made in this thesis regarding the relative elasticity of the various systems.
Further rheological studies on these systems would benefit from combining rheology with other
techniques that allow the structure of the sheared sample to be measured in real time, with
rheo-SAXS, rheo-SANS and rheo-NMR all able to provide significantly more characterisation
information than detailed here.

The increased freedom of the Li+ ion compared to the other counterions used in this research,
in terms of hydration and headgroup binding, results in the system again producing interesting
behaviour that may be worthy of further study and complete characterisation. Of particular
interest in future studies, however, would be an investigation into the L¸–onion transitions in
each system, as it would be interesting to investigate the effect of different counterions on this
transition. We have reported that the use of different counterions alters the L¸ microstructure
and the relative contribution of the intermolecular forces that govern it. It would be interesting to
see whether the changes in » and »̄ within the equilibrium structure alter the shear-induced
phase transitions in terms of restricting or promoting the formation of onion structures, or
altering the physical conditions that are required to produce them.
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Supplementary Figures

Strain sweeps obtained for the stated concentrations of Na-AOT, at a fixed angular frequency
of 1 rad s-1.
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Strain sweeps obtained for the stated concentrations of Li-AOT, at a fixed angular frequency of
1 rad s-1.
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Strain sweeps obtained for the stated concentrations of NH4-AOT, at a fixed angular frequency
of 1 rad s-1.
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Frequency sweeps obtained for the stated concentrations of Na-AOT, at a fixed strain amplitude
of 0.5 %.
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Frequency sweeps obtained for the stated concentrations of NH4-AOT, at a fixed strain
amplitude of 0.5 %.
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Frequency sweeps obtained for the stated concentrations of Ch-AOT, at a fixed strain amplitude
of 0.5 %.
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Frequency sweeps obtained for the stated concentrations of Na-butylAMA, at a fixed strain
amplitude of 0.5 %.
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Frequency sweeps obtained for the stated concentrations of Li-AOT, at a fixed strain amplitude
of 0.5 %.
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Frequency sweeps obtained for the stated concentrations of NH4-AOT, at a fixed strain
amplitude of 0.5 %, showing the discontinuous variation in response with increasing
concentration.
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Complex viscosity as a function of angular frequency for increasing sample concentrations of
Ch-AOT. Measurements undertaken at a fixed strain amplitude of 0.5 %.
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Complex viscosity as a function of angular frequency for increasing sample concentrations of
NH4-AOT. Measurements undertaken at a fixed strain amplitude of 0.5 %.
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Flow curves obtained for different concentrations of Na-AOT, with the shear response given in
terms of shear stress.
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Flow curves obtained for different concentrations of Na-AOT, with the shear response given in
terms of viscosity.

385



Appendix E

Flow curves obtained for different concentrations of Ch-AOT, with the shear response given in
terms of shear stress (top) and viscosity (bottom).
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Flow curves obtained for different concentrations of Li-AOT, with the shear response given in
terms of shear stress (top) and viscosity (bottom).
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Flow curves obtained for different concentrations of Na-butylAMA, with the shear response
given in terms of shear stress (top) and viscosity (bottom).
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Additional cryo-SEM images of 50 wt % Na-AOT samples after fixed shear experiments,
captured at lower magnifications than those presented in the main text. The samples were
sheared for 20,000 s, at the shear rates indicated, directly before being frozen for analysis via
cryo-SEM.
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Additional cryo-SEM images of 50 wt % Ch-AOT samples after fixed shear experiments,
captured at lower magnifications than those presented in the main text. The samples were
sheared for 20,000 s, at the shear rates indicated, directly before being frozen for analysis via
cryo-SEM.
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