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Abstract

Abstract

The use of non-aqueous and mixed-aqueous solvents can add therapeutic and performance benefits
to personal care and pharmaceutical formulations. The understanding of these colloidal systems,
however, is limited compared to the wealth of information available for aqueous systems. This thesis
describes the impact of solvent composition and additives on the phase behaviour and physical
properties of model surfactant systems. Polymer solution behaviour is studied alongside, with the aim
of understanding the interactions between solutes in complex formulations. Sodium dodecyl sulfate
(SDS) in glycerol and glycerol-agueous mixtures was used as a model system and was studied in detail
due to the commonality and characteristic behaviour of each component. Analogous polyol solvent-
anionic surfactant systems were used to study systematic behaviour, while iota-carrageenan was used
as a model structuring polymer, as it is commonly utilized and is compatible with SDS.

SDS was found to crystallize into ribbon-like morphologies at room temperature forming a freestanding
gel at 2 Wt.% and above. Under continuous shear, the brittle gels break up and align to the shear field,
causing strong shear-thinning behaviour. The structure of the crystal phase was investigated using small
and wide angle x-ray scattering, with electron density information along the lamellar axis obtained from
Bragg peak diffraction data. It was found that SDS and glycerol formed highly crystalline co-assembled
structures, with glycerol incorporated between surfactant headgroups. The formation of the phase was
independent of tail group, and similar phases were systematically formed in homologous n-alkyl
sulfates (C12-C18) in glycerol. Co-assembly was not limited to glycerol: the same phenomenon was
observed in ethylene glycol, suggesting potential for tuneable surfactant-solvent crystalline gels.

Addition of small amounts of water were shown to disrupt the formation of the SDS-glycerol phase,
with the dominance of anhydrous SDS crystals at 6 Wt.% water of solution and above. This caused a
loss of structure in mixtures. Moreover, anhydrous SDS crystals formed in solvent mixtures containing
less than 20 Wt.% water exhibited an unexpected feather-like morphology, in contrast to the expected
platelets and needles. Analysis of micellar structures using SAXS showed that whilst SDS in glycerol
formed small oblate micelles, SDS in glycerol-rich mixed solvent had hydrated head groups, affecting
the micelle shell thickness. This is in contrast to the larger prolate ellipsoids that formed in water-rich
and aqueous mixtures. The complex crystallization and micelle behaviour was attributed to a dynamic
equilibrium for water, existing in the bulk solvent and micelle surface. 1-Dodecanol, a synthetic
precursor to SDS, co-crystallized with SDS in glycerol mixtures, replacing the SDS-glycerol phase. The
change in phase was linear with respect to 1-dodecanol concentration when cooled quiescently. At
elevated temperatures, 1-dodecanol acted as a co-surfactant, swelling the micelle cores. The effect of
NaCl addition on crystal structure was also probed, which led to the formation of a new, previously
unreported crystal phase at 3 Wt.% NacCl.

1 Wt.% solutions of iota-carrageenan formed weak gel-like structures in mixed solvents, with a viscosity
maximum at ~20 Wt.% water, irrespective of processing conditions. This behaviour was rationalised
through preferential exclusion of co-solvents, leading to conformational changes from coil to helix,
previously demonstrated using inverse Kirkwood-Buff theory in the literature. Despite its interaction
with water, this biopolymer did not alter the preference for anhydrous crystal formation in the presence
of water.

These results show that both surfactant and polymer phase behaviour is changeable over a narrow
formulation region. The work in this thesis can be used to characterise and predict material behaviour
in more complex industrial mixtures, thus aiding formulation design.
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ATR Attenuated total reflection
c* Critical overlap concentration
Ce Critical entanglement concentration
CMC Critical micelle concentration
CMT Critical micelle temperature
CPP Critical packing parameter
DSC Differential scanning calorimetry
EDP Electron density profile
FCN Fat crystal network
G' Storage modulus
G" Loss modulus
IR Infrared
KB theory Kirkwood Buff theory
LMWG Low molecular weight gels
LVER Linear viscoelastic range
M Weight averaged molecular weight
NMR Nuclear magnetic resonance
oM Optical microscopy
POM Polarised optical microscopy
q Scattering vector
RED Relative energy difference
SaFiN Self-assembled fibrillar networks
SANS Small angle neutron scattering
SAXS Small angle x-ray scattering
SCMC Sodium carboxymethyl cellulose
SDS Sodium dodecyl sulfate
SIPLI Shear induced polarisation of light imaging
SLD Scattering length density
SWAXS Simultaneous small and wide angle scattering
Tinit Lag/initiation time
Tk Krafft temperature
WAXS Wide angle scattering
Wt.% Weight percent
n Viscosity
No Zero shear viscosity
Ninf Infinite shear viscosity

& Correlation length
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Chapter 1: Introduction

1. Introduction

1.1. Project Context: The Use of Toothpaste and the Emergence of Non-
agueous Formulations

Cleaning materials for oral hygiene have been used for over 3000 years, but the use of a particulate
slurry to abrade and clean the teeth is more recent, dating from the 1800’s.! Advances in the field of
oral care has led to a greater understanding of what is required to combat the effects of a modern diet
on oral health.%* while providing additional functionality in the form of whitening,* sensitivity and
odour.®> Modern toothpaste comes in two main forms, gel or paste.’ Paste comprise a high solids
particulate as an abrasive and rheology modifier at concentrations of around 50 Wt.%,° whereas gels
contains far less undissolved matter.® For gels, silica abrasives are commonly used instead of carbonates
as they are more abrasive (to counteract their lower concentration),” and refractive index matching of
the solution ensures transparancy.® Their lower solid content results in a higher reliance on structuring
agents, typically organic polymers (such as polyacrylic acid), to achieve the rheology required for

application and brushing.

Most toothpastes act through two mechanisms: abrasive cleaning in combination with a toothbrush,
and fluoridisation. The first, often credited due to inorganic particle abrasives, removes food debris as
well as a harmful biofilm called plague, although the impact of abrasives is questionable.X>%¥ The
second, is the formation of acid-resistant fluorapatite in place of hydroxyapatite.!* This creates a
stronger enamel which protects against damage even at relatively low concentrations.’> Modern
toothpaste requires a range of controlled material behaviour to achieve the correct experiential
properties. The rheology of toothpaste is crucial for successful application on the dental surface.
Multiple shear events over different length scales must be considered when designing the product’s

13715 For the consumer this encompasses two main events. Firstly the toothpaste is squeezed

rheology
under low shear onto a brush, whereby the toothpaste experiences primarily planar squeeze flow (or
plug flow).'® After this the cylindrical ‘ribbon’ of toothpaste must recover and maintain its shape on the
brush. The next event is high shear brushing where the material must lose its initial viscosity and

disperse uniformly in the mouth and on the teeth.?’

By removing water, active ingredients which are either reactive to, or insoluble in water can be included
in a toothpaste formulation. This is encapsulated within one of the earliest commercial examples in
1933, where the use of a carrier oil allowed for the presence of acid and alkaline materials, which were

reported to result in deposition of inorganic chalk particles in agueous mixtures.® Further examples of
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non-aqueous toothpaste can be found throughout the 20 century, reportedly with an oil or polyol
carrier liquid.¥*® In the early 21°t century, formulations targeting the remineralisation of enamel at the
tooth surface, with non-agueous mixtures used to confine the reaction in vivo, as water is introduced
on application in the mouth.>?° Most commercial formulations of toothpaste exist as a mixed aqueous
system, where the humectants (typically glycerol and sucrose) act as minor cosolvents. However as
water content is reduced and materials such as glycerol become the predominant or sole solvent; the
nature of solvation changes due to the polarity and hydrogen bonding ability of the new solvent
mixture.?! Because aqueous formulations are the most common within the personal care industry, most
ingredients are not intended for a non-aqueous environment. Solubility, and hence stability, in
alternative solvents may result in unexpected changes to the physical properties of the resulting
formulation, e.g. rheological profile. Thus, fundamental work is required to characterise mixtures

related to non-aqueous toothpaste formulation.

This body of work has been undertaken to better characterise the effect of non-aqueous and mixed-
aqueous solvents, predominantly containing glycerol and water, on commonly used surfactants and
polymers. Thus their phase behaviour can be determined, along with any key processing parameters
that may result from variations in micro- and macroscale behaviour. The enhanced understanding
should inform toothpaste formulation and processing, taking advantage of specific effects only possible
within narrow formulation ranges. This fundamental understanding can be applied to more complex

application scenarios in the future.

1.2. Solvation and Solubility

1.2.1. Solubility

2223 syrrounded by solvent

When a compound is in solution, it forms into single molecules or clusters
molecules. What determines whether an homogeneous solution forms, as opposed to two liquids or a
solid in a liquid, is whether the process of mixing is thermodynamically favourable i.e. there is negative
Gibbs free energy on mixing, AGmix (in the context of the Gibbs equation, AG = AH — TAS).?* This is
dependent on physical properties such as pressure and temperature along with chemical properties
such as concentration and solvent, all affecting the chemical potential (partial molar Gibbs quantity) of
the constituents in the mixture.?> While toothpastes can contain a high degree of particulate material

for abrasion, the active ingredients, rheology modifiers, and surfactants and fragrance oils all typically

exist in a molecularly dissolved state,?® and are therefore affected by solvent and cosolvent.

10



Chapter 1: Introduction

There are numerous methods that have been constructed to rationalise and predict solubility behaviour
for different solvents and solutes.?” One established way is to use solubility parameters. These are often
empirically derived and relate to bonding and polarity. The Hildebrand solubility parameter (8) is one
of the earliest attempts which utilise cohesive energy density (CED).?8 This is the amount of energy to
move all molecules to infinite separation,?3® and equates to the total (molar) interaction energy
between the molecules. It can be obtained through measurement of heat of vaporisation (Hyap,

Equation 1.1).

1 —_
§ = CEDz = /“’+RT eq. 1.1

Where R is the gas constant, T is the absolute temperature and n is the number of moles. This method
is simple, but it does not account for non-ideal solutions, nor the contribution of hydrogen bonding,
limiting its efficacy in aqueous or alcoholic environments. The Hansen solubility parameter was
developed to consider hydrogen bonding.3! Empirically based; it attempts to describe solubility using
three parameters. These are dispersion (D) forces, dipole forces (P), and hydrogen bonding (H). The
values correspond to their contribution to total cohesion energy divided by the molecules molar volume
and give a 3-point coordinate space. The distance can be compared against with another molecule to
predict solubility. To calculate distance (Ra), the terms combine (Equation 1.2), where the ‘4’ coefficient

was determined from empirical findings to account for the relative contribution to solubility.?
(R)? = 4(8pz — 8p1)? + (8pz — 6p1)* + (8pz — Oy1)? eq. 1.2

Where 8, corresponds to the partial solubility parameter of a certain type (x) of interaction, and the
species being mixed (i). The distance (R.) can also be divided by an interaction radius: the ‘sphere of
solubility’ s a value which describes the potential or solubility, called the relative energy difference

(RED).

Hansen solubility parameters have been utilised in a range of applications beyond traditional solubility,

3334 and have

from predicting polymer swelling,®? to supramolecular gelation and cocrystal formation,
been further developed to incorporate other variables (e.g. temperature).3! Using Hansen solubility
parameters, a molecule can be predicted to be soluble (RED<1), partially soluble (RED=1), or insoluble
(RED>1), for a wide range of components. However, it cannot account for specific donor-acceptor
interactions such as H-bonding or 3D structures. Most importantly, mixed solvents are treated as

volume averages.?® This is problematic for biological matter and other systems, where conformational

change of molecules or preferential localisation of solvent can occur.®**73” Venkatram found that for a

11
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set of 75 polymers, both Hildebrand and Hansen parameters correctly predicted solvents (or non-
solvents) in 60-76% of the cases, with Hansen parameters having slightly greater accuracy.®® Whilst
solubility parameters have limited predictive power, other methods, including the quantum based
COSMO-RS* can achieve high accuracy through more extensive computing, although this is also limited

in some systems.*®

Kirkwood Buff (KB) statistical mechanical theory*! describes solubility as whether a solute molecule
prefers to be localised about like molecules (i.e. insoluble), solvent molecules (i.e. soluble) or a
particular solvent in binary solvent mixtures. It does this by defining (Kirkwood-Buff) integrals (G4, for
a two-component system containing species 1 and 2) which describe an excess or a deficiency of the

number of molecules of one type surrounding another.
Giz = [, [912(R) — 1]4mR?dR eq. 1.3

Where R is the distance from the centre of mass. g, (R) is the pair-average correlation function at a
distance R (also known as the radial distribution function). Although originally it was designed to predict
thermodynamic quantities, and measurement g1,(R) is experimentally possible, prediction of KB
integrals is difficult. Molecular simulations to solve this problem are limited as it is not possible to model
an infinite system which the theory requires, although improvements in modified finite solutions have
been made.** In 1978 Ben-Naim showed that ‘inverse KB’ is a valuable tool*® because measurement of
thermodynamic parameters could be used to calculate interaction parameters and hence probe
molecular packing. This is useful as it can be used to study the microstructure of solutions from
experimental data. Notably, it has also been used to explain the enhanced structuring of carrageenan,

a polymer often used in toothpaste,*™

when in mixed alcoholic-aqueous solvent. Shimizu was able to
determine® that, through a change in the secondary structure of the polymer, preferential exclusion
of solvent is determined, which leads to aggregation and changes in viscosity and gelation. There is no
perfect solution for predicting solubility, but considering different approaches enables better

prediction.

1.2.2. Non-aqueous Solvents and Glycerol

Water is highly polar and has a high degree of ionizability and hydrogen bonding, in contrast to non-
aqueous solvents that are often less polar and typically have a lower hydrogen bonding ability. 3% This

introduces a challenge in formulating in non-aqueous mixtures, as the change in solvent can affect the

12
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solubility and behaviour of materials. For biocompatible solvents and carrier liquids used on a frequent
basis, choice is generally restricted to oils, which may benefit delivery of apolar compounds,* or
biocompatible polar solvents.%*® The benefit of using polar solvents is the lack of oily residue, and the
ability to use similar (hydrophilic ingredients). Polar solvents can be categorised into two types: protic
and aprotic. A common category of solvents used in personal care are polyalcohols, which are protic,
whereas polar aprotic solvents are rarer. Many polar aprotic solvents, lacking the hydrogen bonding
(donating) ability seen in water are toxic, meaning they are generally less relevant in the applications
discussed in this work. Dimethyl sulfoxide, a cryopreservation agent and known therapeutic,**° with a
similar polarity to the polyol glycerol,®® has come under scrutiny for its toxicity.”>** One of the few
aprotic polar solvents used in personal care is low molecular weight poly(ethylene glycol).>* Glycerol,
propylene glycol, and sorbitol are common protic solvents or cosolvents that are used regularly in

formulations.

b c d
|C|) oH OH
0 H
S\ H o )\/OH HO\)\/OH
n

Figure 1.1: Common non-aqueous polar solvents that have been used in medicine or personal care. a) Dimethyl
sulfoxide (aprotic) b) poly(ethylene glycol)l (aprotic) c) propylene glycol (protic) d) glycerol.

Glycerol is of particular interest as a widely used polar protic solvent which also acts as a humectant.>®
It is miscible with water at all temperatures and compositions, has three hydrogen bond donating sites
(Figure 1.1) and has a dielectric constant ~60% of that of water,*® illustrating its lower polarity. While
water is ultimately the most cost effective and safe solvent, glycerol has many advantages over other
organic solvents, including biocompatibility, humectancy, viscosity, and cost effectiveness all while
being a ‘green solvent’ that can be sustainably derived as a biproduct.*®>>7>8 Many toothpastes already
contain glycerol or sorbitol as minor cosolvents to act as humectants.* This does not mean solubility is
assured and moving from a binary glycerol-aqueous system to glycerol can incur changes in formulation
solubility and stability. An important example is the considerable reduction in micellar solubility for

sodium dodecyl sulfate surfactant.®

13
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1.3. Crystallization

1.3.1. Nucleation and Growth

A phase change from liquid to 3D ordered solid assemblies for a liquid or gas is the process of
crystallization, which occurs in two stages.®! Firstly, nucleation occurs, which is the initial formation of
organised assemblies, followed by a growth stage which consists of addition to the nuclei to form larger
assemblies.®* The maximum amount of solute that a solvent can dissolve is called the saturation limit
and solutions above this are supersaturated. A transition from a higher to lower temperature without
agitation or disturbance causes the solubility to drop and a mixture can become supersaturated, which
can lead to an unstable, or metastable state.%*® If it is the former, crystals can nucleate without
external interference, and if the latter, the solution can remain stable indefinitely without crystals
forming, but will crystallize if nucleation occurs. There often exists a metastable zone that is accessible
beyond a certain temperature/concentration range.®®®” Nucleation can be primary, where formation
occurs without a prior crystal, or secondary where nucleation is directly attributed to crystals that are
already present. Primary nucleation can also be heterogeneous, occurring on a foreign surface due to
lower energy of organisation at the interface, or homogeneousi.e. occurs within the same phase (Figure
1.2).%8 A popular method for crystal growth is to use seed crystals to promote secondary nucleation and

growth.®®

Homogeneous Heterogeneous|

"

Figure 1.2: Modes of primary nucleation leading to crystallization. Heterogeneous nucleation occurs within one
phase where clusters form within the liquid. Homogeneous nucleation forms with an additional interface e.g. at
the surface of a solid.

Variation in crystal arrangement is called polymorphism, which can change the structure and properties
of a crystal. This is evident in ‘fat bloom’ that occurs when chocolate is improperly stored.”®’* The

pathways to different crystal polymorphs are commonly described by Ostwald’s rule of stages, which

14
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states the fastest growing (kinetic product) forms in preference to the most stable form.”? This means
that polymorphic transformation can occur due to the negative Gibbs energy when transitioning to a
more thermodynamically stable polymorph. However, this the rule is not infallible and has
exceptions.”>’> Crystals can also be ‘hydrates’ or solvates’ when they contain either water or solvent
molecules crystallized within the structure.”* Interconversion may also occur as well during
crystallization, further complicating matters. Solvate crystals contain a molecule and a solvent molecule
both in the ordered structure. They exhibit more order when compared to an anhydrous crystal with
all solvent in the bulk, as two or more species must present in an ordered structure,’® and therefore
their formation is driven by enthalpy. This arises from solvent-molecule interactions, and hydrates are
common due to the ability of water to form noncovalent bonds such as hydrogen bonding, with ionic
or polar species.””’® The complexity of crystallization processes means that prediction or isolation of
one type of crystal may be difficult, but not impossible. Other methods can be used to purify specific
crystal types, such as antisolvent addition, or solvent evaporation, as in the case of 1/8™ hydrate SDS
formation.”® Nevertheless, the degree of undercooling and concentration of solute can have a large
impact on phase formation. When competing solid-liquid equilibrium profile of different crystal types
are overlayed, regions of accessible crystal type can be visualised.” An example is shown in Figure 1.3,
where two different solutions at different concentrations are cooled to different temperatures. In
scenario B, a higher degree of undercooling leads to hydrate formation which is not the thermodynamic
product at this point. In contrast, scenario A produces the anhydrate, which is the thermodynamic

product.
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Thermodynamic
product Hydrate
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Figure 1.3: Phase diagram showing theoretically accessible hydrate or anhydrous (anhydrate) states of a crystal
when it is isothermally cooled. Depending on the degree of undercooling, either a kinetic or thermodynamic
(shaded) crystal is accessible, which can vary depending on solvent concentration. Two scenarios are presented at
different concentrations and undercooling rates where A) a lower degree of undercooling leads to a
thermodynamic product of an anhydrate crystal or B) a higher degree of undercooling leads to competition
between kinetic and thermodynamic product of a hydrate crystal. Figure adapted from Tian et al.”*

When forming crystals, the cooling regime can either be isothermal or non-isothermal. Isothermal
cooling allows for a uniform degree of supersaturation and chemical potential but is limited by heat
transfer as the cooling rate must be fast and hence may can be problematic in large scale batch
production. The isothermal kinetics of crystallization have been modelled using the semi-empirical
Johnson-Mehl-Avrami-Kolmogorov (Avrami) equation for many years (Equation 1.4).8! and although
other methods are available, but they are less popular. It is possible to model crystal evolution over
time, thus gain information regarding dimensionality and spontaneity of nucleation. This method is

81-83

used regularly in fat crystallization, where it is sometimes modified to include a lag time parameter.

X(t)=1—e k" eq. 1.4

Where X (t) is the volume fraction of crystallized species, t is time, t;,i; is the lag time, n is the Avrami
exponent, and k is the overall crystallization rate constant. The Avrami exponent informs whether
growth isin 1 (rod shape), 2 (plate shape) or 3 (spherical shape) dimensions and whether nucleation is
spontaneous or sporadic.®* The Avrami equation (or Ozawa equation for non-isothermal growth®) is

subject to assumptions and limitations,8#87and is an oversimplification of the process. Moreover,
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results can yield non-integer exponents e.g. from intermediate sporadicity or secondary processes.

Nevertheless, its simplicity and comparative ability can still yield useful information.8%°

1.3.2. Crystal Morphology

While the unit cell of a crystal is determined by its symmetry and arrangement of atoms in the lattice,
the crystal habit is determined by the growth rate of each crystal face relative to each other. Factors
that can affect habit include impurities/additives,®* solvent,®> and temperature. An additive can affect
habit formation in different ways and can be either a small molecule or polymer.%? A solvent can also
form noncovalent interactions with a growing crystal face, affecting its growth.®® SDS primarily forms
platelets or needles depending on degree of hydration and cooling parameters.®* Many other shapes

exist: dendritic and feather like structures are also common,®>®

and are facilitated through thermal
and chemical gradients. High aspect ratio fibres/rod crystals can be twisted either as a result of

molecular chirality,®” or microstructural stress on the structure during crystallization.®’

1.4. Surfactants

1.4.1. Structure and Micelle Formation

Amphiphilicity is the phenomenon of distinct regions of polarity and apolarity in a single molecule and
is what defines a surfactant. Surfactant are used heavily in cleaning, where they can solubilise unwanted
material through adsorption and micelle formation, as well as being a key stabilising agent for foams.”
Most products within the beauty and personal care market are aqueous (but can be oil based),
therefore the majority of surfactants are designed to work in water, and any change in solvent can
drastically alter their performance and properties. This is true for toothpaste, where surfactants act as
foaming agents, promote wetting, and aid oil solubility.! For toothpastes, ionic surfactants
predominate, but non-ionic surfactants such as lauryl glucoside are used as well.*® The most common
small molecule ionic surfactants used in toothpaste consist of a charged head group with accompanying
counterion, and a nonpolar tail (Figure 1.4) made of an alkyl or amido-alkyl chain.’® The headgroup
charge may be negative (anionic), positive (cationic) or mixed (zwitterionic). Non-ionic surfactants can
be small molecule (e.g. lauryl glucoside) or polymeric, e.g. block copolymers with distinct regions of
monomer repeat units of differing polarity found along a chain. An example of this is Poloxamer

407/Pluronic F127,%° a triblock copolymer consisting of a poly(propylene oxide) block sandwiched
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between two polyethylene oxide blocks, which can be formulated into toothpaste.'®® Due to their small

size, and charge, small molecule surfactants can be more mobile and in some cases foam better.0?

Due to the relevance to personal care and toothpaste, this work will focus on small molecule ionic
surfactants, namely sodium dodecyl sulfate (Figure 1.4), which has a sulfate head group, and a 12-
carbon alkyl chain tail. Surfactants are known to form various different micelle structures depending on
their concentration, including liquid crystal structures at higher concentrations.’® In toothpaste,
surfactants are formulated above the CMC, and exist as micelles; they present below 5 Wt.% in typical
formulations.® The number of molecules within each micelle is described by aggregation number (nagg),
and can vary from less than 10, to more than 100, which can be greatly impacted by solvent choice.0%104
Surfactants in a micellar solution are in dynamic equilibrium with the bulk solvent and the air-water
interface, as micelles are not ordered structures like crystals. The minimum concentration for micelle
formation is the critical micelle concentration (CMC),which varies depending on temperature, solvent,

and mixture composition.10>7107

/1; Air \

WAL ULLILLLL

" 4

Figure 1.4: a) Generalised structure of a small molecule ionic surfactant with polar head and nonpolar tail, in
comparison to sodium dodecy! sulfate. b) Generalised arrangement of surfactants within a micelle. C) Micellar
solution where surfactant molecules either align at the interface, form micelles, or are numerically dissolved.

1.4.2. Thermodynamic Rationalisation of Surfactant Behaviour

For non-polar compounds, miscibility is thermodynamically unfavourable in highly polar solvents such
as water. This is because of the increase in entropy that occurs when polar compounds form ordered
structures at the interface to accommodate the non-polar component. The ordered structuring of polar
compounds, typically water, is known as the hydrophobic effect.’%1% As g result of the hydrophobic
effect, AGmix is positive, meaning that it cannot occur without input of energy, and will not occur
spontaneously. This results in compounds with different polarities undergoing phase separation.

However, but because of their composition, the monomeric dissolution of surfactants is
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thermodynamically mostly unfavourable due to the hydrophobic effect. To satisfy both polar and non-
polar groups, surfactants often organise into micelles which maximise positive interactions with the
solvent, while minimising exposure of non-polar tails to the solvent which leads to the hydrophobic
effect.!° This leads to an assembly into a shape with a core comprised of non-polar groups and a shell
comprised of polar groups. Hence, micelles represent a higher degree of order compared to randomly
dispersed molecules, but the hydrophobic effect means micelles have a lower entropy than monomeric
surfactants (Figure 1.5). Micellization is therefore an entropy driven process which causes a drop in
AGmic resulting in spontaneous formation in the right conditions. This is not true for all scenarios and is

both concentration and temperature dependent.

Surfactant molecule —0
Water molecule i
Ordered water domain

Figure 1.5: Visualisation of the change in water structure upon micellization. For unimeric solutions, the
hydrophobic effect causes ordered water domains around the nonpolar tail. The hydrophobic effect is minimised
for micelles. This has the result of increasing the overall entropy under certain conditions making Gibbs energy
negative and the transition spontaneous.

The critical micelle concentration (CMC) is the minimum concentration at which micelles form, while
below this, monomeric solubility dominates. Due to the polarity gradient at the air-water interface,
surfactant molecules readily align (Figure 1.4C) in equilibrium with the bulk. It is only when the interface
becomes saturated, that micellization occurs. Measurement of surface tension can therefore be used
for CMC determination, as the surfactant population is proportional to the surface tension.!
Measurement of solution conductivity or dye fluorescence are two other techniques that can be used
to probe the CMC.1*2113 The CMC is strongly dependent on temperature, although behaviour differs for

ionic, zwitterionic and non-ionic surfactants.”” CMC and temperature does not scale linearly and
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parabolic type trends are seen for ionic surfactants like SDS,***11> although not always.!*® The trend is
likely due to competing interactions, where the solubility of surfactant chain increases (disfavouring
micellization), while the degree of head group hydration reduces.” There is general reduction in radii

and aggregate at higher temperature 11”118
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Figure 1.6: Generalised phase diagram of an ionic surfactant. At low concentration non-aggregated unimers are
present in solution. As concentration increases, the surfactant will either form a crystalline or micellar phase,
depending on whether the temperature is below or above the Krafft temperature.

The lowest temperature and concentration at which a micelle can form is called the Krafft Point.*'° The
lowest temperature (concentration above the Krafft Point) at which a micelle can form is called the
Krafft temperature, or critical micelle temperature (CMT). Below this boundary, only unimer solubility
occurs (Figure 1.6). Moving from a higher temperature to below this value can cause liquid-liquid
separation or crystallization.!? Krafft temperature can be determined by DSC,'** conductivity,*?° or

other methods.
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1.4.3. Micelle Shape
Micelles are often visualised as spherical objects, but this is just one possible shape. Worm/cylinder

122124 yesicle bilayers,'?>1%% reverse micelles,*?”'?° (Figure 1.7), can all form from

geometries,
surfactants depending on the molecular structure. The critical packing parameter (CPP) is most
commonly used to draw the relationship between structure and accessible shape (Figure 1.7).13° The
CPP is defined as the volume of the surfactant divided by the product of the tail length and cross
sectional area. For small molecule ionic surfactants like SDS, a low CPP is observed due to the relatively
large size of the ionic head group compared to the tail, yielding spherical micelles.*132 However, this
can be altered to worm-like micelles when NaCl is added,***3> which has the effect of reducing the
jonic radii through charge screening, thus increasing the CPP. For polymeric surfactants, stimuli

responsiveness can be achieved through careful selection of monomer and block length, adding

functionality.’*® CPP is one of the most common methods for rationalising surfactant self-assembly, but

is not fully representative for all systems. 3”138
° CcPP<1/3
Ve 1/2<CPP<1
Where
CPP =%

Figure 1.7: Critical packing parameter (CCP) equation and relationship to different surfactant structures. CPP is
calculated from the volume of a surfactant ‘cone’ (v¢) divided by the product of the head group surface area (a)
and surfactant length (Ic) . When CPP < 1/3 spherical micelles form. From % to % cylindrical, rod or wormlike
micelles are formed. From % to 1 curved bilayers or vesicles are obtained. At 1, the ‘cone’ exists as a cylinder and
planar bilayers are formed. Above this, reverse micelles form.

Moreover, in contrast to CPP prediction, some scattering (x-ray and neutron) experiments indicate that
micelles are ellipsoids rather than spheres e.g. for SDS.18139141 There have been attempts to rationalise

such observations and also identify what type of ellipsoid (prolate vs oblate) is formed, suggesting that
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while ambiguity for some mixtures remain, addition of solutes such as salt can have a real effect on
ellipsoid formation.'*? Oliver et al. showed the effect of the surfactant structure on ellipsoid aspect
ratio, with different length tail groups affecting the size but not aspect ratio.'** While some disagree
with idea of ellipsoid micelle shapes entirely,’** It has been reported that ellipsoid formation is

thermodynamically feasible, adding support for their existence.*

1.4.4. Impact of Solvent Composition on Surfactant Behaviour

The addition of less polar alcohols with lower CED and H-bonding ability than solely aqueous mixtures,
will reduce the hydrophilicity of the solvent mixture. An example of this is the reduction of the dielectric
constant for glycerol-water mixtures as the glycerol content is increased.’®4%147 For solutions of ionic
micelles, this can cause a reduction in micellar solubility, increasing the Krafft temperature and
CMC. 113148149 There are two reasons for this: the increase in electrostatic repulsion between surfactant
headgroups lowers enthalpy of micellization, and increase in solubility of tail groups upon non-aqueous

150-152 This can also be a non-linear trend,

solvent addition, leading to a reduction in the entropy drop.
and different solvents can change the CMC values by varying amounts.'> Rodriguez et al., showed a
general negative trend between Gordon parameter of solvent (CED) and the Gibbs free energy of

micellization, indicating the reduced favourability of formation in less polar media.***

The behaviour of SDS in glycerol/water mixtures has been explored by numerous authors,®0113:1551%

notably with work by Khan et al.®% exploring the phase boundary of SDS/glycerol/water mixtures with
and without NaCl. The addition of glycerol dramatically reduces the micellar solubility, increasing the
Krafft point temperature from 14 °C to 31 °C, and the CMC from 0.17 Wt.% to 1.0 Wt.%. Thus the room
temperature solubility is limited, and most SDS would be expected to be in solid (crystalline form) in
pure glycerol. Similar large increases in the CMC of SDS have also been achieved with a range of other
protic and aprotic solvents.2?31315% |njtial reductions in CMC can be observed at low cosolvent
concentrations, especially if the molecule is surface active, causing competition with the surfactant at
the interface.’®® Non-ionic surfactants do not experience a change in ionic repulsion on addition of polar
solvent addition. Despite this, using mixed aqueous solvents lead to a similar, sometimes even more
dramatic increase in CMC.1*® This can be at least in part attributed to an increase in monomer

solubility. 16!
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The effect of stronger electrostatic interactions caused by (co)solvent addition can affect the micelle
structure.'® This can be advantageous: micelle shape can be tuned for the most appropriate physical
properties, for example wormlike micelles'® effect the rheological behaviour of a formulation. This
choice can produce drastically different effects, depending on the solvency with respect to both head
groups and tails. Generally, addition of an alcoholic cosolvent (or solvent) to ionic surfactants, lead to
smaller, more spherical micelles'®* due to the greater headgroup repulsion. Comparatively, for non-
ionic ethylene oxide-propylene oxide copolymer surfactants, a decrease, small change or increase in
micelle size cab be observed depending on solvent.’®> Without a change in ionic repulsion, micelle size

is dictated by solvation and partition of solvent molecules into the micelle core or corona.

1.4.5. Effect of Electrolyte on Surfactant Behaviour

Inorganic salts have large effects on both micelle formation and structure by ionic surfactants owing to
charge screening at the head group, which reduces the ionic radii and hence altering the packing
parameter.1% A well-known method for increasing viscosity in personal care formulations is the addition
of NaCl to surfactants such as sodium lauryl ether sulfates to form wormlike micelles.'®® The CMC is also
lowered due to the lower repulsive interactions between the headgroups, making micellization more
favourable. Corrin and Harkins reported a double-log dependence for the relationship between salt
concentration and CMC.*®’ They interpreted this in terms of the number of ions adsorbed in the Stern
layer, or the first layer found at a charged surface (micelle surface). However, prediction using the
Corrin-Harkins equation is reportedly limited for mixed solvents.®® Addition of small quantities of NaCl
has a moderate effect on the Krafft temperature in the case of SDS/glycerol/water ternary mixtures®
but the effect of NaCl in a sodium salt surfactant system is not necessarily representative of other salt
mixtures. The Hofmeister series describes a series of ions that are chaotropic, which disrupt solvent
networks, and kosmotropic, that enhance solvent structure.’®® It was originally found that proteins
could be more soluble (salting in), or less soluble (salting out) depending on the solvent.?®® This effect
is not limited to proteins: it also applies to non-ionic and ionic surfactants.}’® For cationic
cetylpyridinium chloride aqueous mixtures, chaotropic ions raise the Krafft temperature Whereas the
inverse is observed for kosmotropic ions. This is due to the formation of ion pairs with surfactant and
chaotropic ions, causing salting out.’* While less chaotropic ions increase micellar solubility through
the previously mentioned mechanisms, although this does not strictly follow the Hofmeister series.*’?
Similar trends were also seen in aqueous mixtures of SDS,*’? and such behaviour is applicable in non-

aqueous solvents as well.17°
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1.4.6. Effect of Additives on Surfactant Behaviour

Impurities or other additives can change the shape and formation of micelles. Polar additives or
compounds will predominantly reside in the bulk for aqueous (or polar solvent) mixtures, whereas if a
hydrophobic compound is present, it will tend to reside in the core of the micelle. Many small molecule
polar additives act as co-solvents, affecting micelle formation in a similar manner.®® One exception is
any acidic/basic additives, which can change the pH of a system. For SDS, the CMC is stable above pH
5, with a lower CMC observed below pH 5 attributed to protons reducing the surface charge density of
the anionic micelle.!”® Furthermore, if additives are pH sensitive, their hydrophilicity and interaction
with a micelle, as well as locality about the core/shell can change when the pH is adjusted. This can
manifest in micelle shape changes, as evidenced by Patel et al. for cetyltrimethylammonium bromide
with pH-sensitive aromatic compounds, where different transitions from worms to ellipsoids or vesicles
can occur when the pH is switched.*”* Finally, surfactants can be designed to be stimuli responsive,

(particularly block copolymers), with shape change occurring on pH adjustment.t”®

The polarity of an additive will affect its distribution within a micellar system. Primary alcohols are
interesting compounds to probe this, as polarity varies depending on the alkyl chain length.'”* Many
authors consider short to medium chain alcohols (C4-C10) to be co-surfactants, due to their ability to
align at interfaces.’®*° The inclusion of such alcohols can affect curvature and packing, demonstrated
by emulsion stability.8! Longer chained alcohols such as 1-dodecanol can align as well, 8283 giving rise
for potential to affect micellar shape and formation as it is a synthetic precursor of SDS, and therefore

a common impurity. '8

For aqueous SDS mixtures, Fgrland et al. found that medium chain C5-C6 (propanol, hexanol) alcohols
primarily lie in the micelle as a cosurfactant, causing elongation of the micelle from spheres to rods as
determined using SANS. In comparison, C4 (butanol) acted like a water soluble smaller chain alcohol
(e.g. methanol): it reduced micelle size initially, before causing an increase in size. Putra and Patriati
evaluated C2-C10 (ethanol to 1-decanol) in aqueous SDS solutions.!* Upon addition of C2-C5 alcohols
both micelle size and aspect ratio decreased, producing smaller, more spherical micelles, acting as an
alcoholic cosolvent. This effect is reduced as the chain length is increased and hexanol appeared to be
the minimum chain length to induce cosurfactant-like behaviour, with elongation of the micelle and
increase in size. Simulations of similar mixtures from C6-C12 suggest transitions to cylinder and bilayer
structures at high alcohol contents, facilitated by the migration of alcohol into the core from the
palisade,’®® with NMR data by Totland and Blokus support the previous findings.’®” Depending on
whether a molecule acts as a cosolvent or cosurfactant, an increase or decrease in the CMC is observed

which is evidenced in SDS solutions.® The effect of added alcohols is also applicable for other ionic
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surfactants, e.g. CTAB forms ellipsoidal micelles with addition of C6 alcohol.® Moreover this effect is

also seen for non-ionic surfactants.®°

1.4.7. Surfactant Crystallization

Surfactant solubility is different than other small molecules owing to micelle formation. The CMC, Krafft
temperature, and Krafft point define additional phase boundaries. Below the Krafft temperature, the
surfactant is only soluble as unimers, meaning that the majority of surfactant is not soluble. lonic
surfactants, containing crystallizable alkyl tails, and two regions with distinct polarities, tend to
crystallize into lamellar structures (Figure 1.8), with regions of polarity and apolarity. lonic surfactants
share similarities to fats due to the alkyl tail, although fats typically experience more

1927195 35 they can intercalate between

polymorphism 828319 |onic surfactants readily form hydrates,
surfactant head groups.®® The stoichiometry of hydrates can alter molecular packing constraints
substantially, with the tilt of the molecules ranging from 5 to 45 ° against the layer normal (Figure 1.8)

for SDS hydrates.1%1%8 Splutions of hydrated crystals can form gelled mixtures called coagels.**®

T ...
z/ A/ M j normal
T

Figure 1.8: Lamellar structure of a surfactant crystal, consisting of an ‘infinite’ number of bilayers arranged to
maximise like-like interactions between polar and apolar regions of the molecule. Surfactant is shown with tilt in

the primary axis against the layer normal. This tilt can extend to another dimension aside from the primary axis
(Layer normal) when in 3D space.

In recent years, the crystallization of SDS has gained renewed interest. General unit cell data of certain
hydrates of SDS and its alkyl chain homologues were reported in the 1950’s.2%° Coiro et al. subsequently
determined various dodecyl crystals and hydrates.’®®%7 A precise structure of anhydrous SDS was
published by Smith in 2000,**® with subsequent work identifying crystal morphology along with

crystallization with different counterions.?292 Miller et al.?® showed different hydrate crystals were
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accessible via different linear and isothermal cooling regimes in aqueous solution.?®* Furthermore,
Summerton et al., showed that cocrystallization was possible with 1-dodecanol, significantly raising the

4

melting point of the SDS crystals for aqueous systems.®* In contrast, addition of n,n-

dimethyldodecylamine n-oxide was shown to reduce crystallization temperatures, without

cocrystallization.?%

1.5. Polymers

1.5.1. Polymer Solutions

Polymers are long chained molecules comprised of repeating units called monomers. They are widely
used for their viscosifying properties owing to chain entanglement and potential for cross-linking to
form a gel. Monomers can be one type, forming a homopolymer, or two or more types, forming a
copolymer. The former is used primarily for viscosity modification, while the latter can add functionality
and surface activity, although copolymers are also used for structuring toothpaste.?® The choice of
monomer can affect solubility and rigidity, while the degree of polymerisation/molecular weight can
affect solubility. For toothpastes, polymers are generally formulated in the semi-dilute regime, and
generally exist as either bioderived sugar based biopolymers e.g. xanthan gum, or synthetic polymers
such as poly(vinyl alcohol), poly(ethylene glycol) or copolymers.?5% The high functionality in the form
of acid, alcohol, or charged groups both ensures solubility in aqueous mixtures and potential for
crosslinking. Adsorption to particulate solids including silicas used in toothpaste, is also possible,

potentially stabilising dispersions.®

Small molecules can be soluble, insoluble, or lie in a metastable region, but polymer solution behaviour
is more complicated. AGmix must be negative to ensure spontaneous mixing or dissolution. While a small
molecule may be ‘soluble’ or 'not soluble’, polymers conformation in space will change, to maximise or
minimise interactions depending on the solvent. This is referred to as ‘quality’, where solvents are
classed as non-solvent, poor solvent, theta solvent or good solvent. If a polymer is dissolved, increasing
‘soodness’ of a solvent generally causes a transition from a globule to an expanded coil. If the solvent
quality is higher, the solvent is a theta solvent,?®2% the excess chemical potential is zero, meaning that
the polymer does not seek to avoid or increase its interactions with other polymer chains. It also
conforms to random-walk type behaviour, which is referred to as a Gaussian chain.?%’ If the solvent
quality is higher, it is a good solvent where the polymer expands to maximise solvent interactions.
Quantifying the size of polymers is commonly done using the radius of gyration (Rg) which is the root-

mean-square averaged distance of monomer repeat units from the centre of mass.
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Polymer solutions exist in three broad concentration regimes relative to the critical overlap
concentration (C*) of the chains. At low concentrations, a polymer rarely interacts with other polymer
chains in solution. When the concentration reaches c*, the polymer is in the semi-dilute regime. Above
this, overlap occurs between neighbouring chains, which become indistinguishable in the concentrated
regime.?’ In the case of polyelectrolytes, electrostatic interactions complicate matters, and semi-dilute
entangled and semi-dilute unentangled regimes become more apparent than for uncharged
polymers.?%820% The semidilute unentangled regime (C=C*) describes when the hydrodynamic
interaction is screened by the neighbouring chains, without the chain physically overlapping (Figure
1.9).2%° Higher concentrations correspond to the critical entanglement concentration (Ce), which is
where chains overlap. This is the semidilute entangled regime. The specific viscosity of a polymer
solution scales as a power law, with a change of gradient at each boundary, with the viscosity behaviour

described by a different model for each region.?°
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Figure 1.9: Visualisation of concentration regimes for polymer solutions, relative to the critical entanglement
concentration. Dilute solutions show polymer coils in solution with little influence from neighbouring polymers
(C<C*). Semi-dilute solutions occur at the critical entanglement concentration (C*), marking the start of chain
overlap and the boundary of a defined excluded volume (C=C*). Concentrated regimes show entanglement
between chains. (C>C*). For polyelectrolytes in particular, semidilute unentangled regimes (C=C*) occur when
hydrodynamic interactions are screened by the neighbours, whereas the semidilute entangled regime occurs at
the boundary of chain entanglement (C=Ce) at the critical entanglement concentration (Ce).

Solubility parameters are used regularly for polymer solutions, and the original Hansen solubility
parameter thesis focused heavily on polymer solubility.3! Similar restrictions to small molecule solubility

apply as well. As solvent quality effects chain conformation, scaling and concentration regimes differ.2%
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Moreover, the response to changing solvent is not uniform, as mixed solvents can have unique
structuring effects for biopolymer systems.* Solvent type therefore has an impact on structuring and

entanglement, which must be considered when selecting a solvent system for a given formulation.

1.5.2. Biopolymers and Hydrocolloids

Polysaccharide biopolymers used in toothpaste occupy a category called ‘hydrocolloids’: they are
water-soluble but can thicken and gel aqueous solutions. This can be achieved through either thermal
transitions or addition of chemical crosslinkers. They can be obtained from plants, such as carrageenan
from seaweed and cellulose from plant-based pulp, or from bacteria in some cases.?!>2!2 Although all
such biopolymers all contain a sugar backbone, their ability to modify rheology and form gels depending
on their structure (Figure 1.10).2*32* A wide range of polysaccharides form interacting helices, which
can be thermally or chemically induced, to either form gels or thicken solutions.?*® Because of their
ability to self-assemble, the effect of solvent can vary. Antoniou et al. showed that, for non-ionic
Dextran T500, an increase in intrinsic viscosity occurred on switching from water to both protic and
aprotic polar solvents.?*>2%6 This was associated with an increase in coil volume indicating that all non-
aqueous solvents were better than water. However, explanations differed depending on the
composition. Comparatively, xanthan gum, an ionic polysaccharide, precipitates in the presence of
ethanol (>30%).2” However, the addition of non-aqueous solvents does not entirely depend on ionic
functionality: carrageenan can form a gel in mixed aqueous alcoholic/polyalcohol solvents,*2® but
minimally interact in pure non-aqueous solvent. This is due to helix formation which leads to a network
structure. Therefore, self-assembly, hydrophilicity and composition must all be considered when

exploring cosolvent behaviour on aqueous solutions of biopolymers.
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Figure 1.10: Molecular structure of some common thickening and gelling polysaccharides. a) Kappa-carrageenan,
with a single sulfate group per disaccharide and a galactan (glactanopyranose) based backbone. b) lota-
carrageenan, with two sulfate groups per dimer. c¢) Sodium carboxymethyl cellulose, consisting of glucopyranose
monomers with varying degree of substitution of carboxylic salt in place of alcohol.
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1.6. Gels

1.6.1. Polymer Gels

Despite toothpaste comprising either a high solid content paste or a low solid content gel, polymers
are used in a similar way for both types of formulations. Furthermore, the majority of gels used for
toothpaste are hydrogels, (i.e. water is the solvent). The ability to arrest suspensions and mixtures is
key for the comprehensive application and dispersion of material, particularly within the personal care
and medical sector. Gels have an elastic component, or storage modulus (G’), greater than the
liquid/viscous component, or loss modulus (G”) within the linear viscoelastic range. As a result, they do
not flow until a force causes the structure to break (e.g. shear on application). Both synthetic and
bioderived polymers can gel solutions, although modes of gelation vary according to their composition.
However, all polymers must form a crosslinked matrix to form a gel (Figure 1.11). Crosslinking can be
chemical i.e. comprising covalent bonds between different chains, or physical, i.e. dynamic non-
covalent linkages originating from weaker forces such as ionic interactions or H-bonds.?*® Physical gels
can even form following thermal transitions in an appropriate solvent, mediated by supramolecular
assembly: e.g. helix formation in polysaccharides.??° Microgels are a different class of gel*?* comprising

crosslinked polymer particles that can swell and structure solutions.

- -

Polymer chain Entangled polymers Crosslinked network

Figure 1.11: Schematic of polymer gelation through crosslinking of an entangled solution to form a
network/matrix.

Polysaccharide based gels can provide different textures and rheology depending on their structure,
but the gelation mechanisms are similar in principle. There are two mechanisms of gelation for gelling
polysaccharides: addition of electrolytes to form ionic crosslinked gels, and thermally induced gelation
which occurs due to a conformational change in the polymer to produce helixes. Alginate forms a gel

,222223 where polymers arrange to form antiparallel chains surrounding the

through the eggbox mode
ion (the ’egg’) responsible for crosslinking, subsequently forming eggbox-like dimers which further

aggregate. In contrast, ionic gelation of carrageenan occurs through aggregation and ionic crosslinking
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of helices.?”* Different ions induce gelation in different polysaccharides. For example, kappa-
carrageenan primarily gels in the presence of potassium ions,?? although can form gels with calcium
ions,?% or be tuned by using mixtures of ions.??” |ota-carrageenan, is used to form ionic gels and gellan
gum, which is (carboxylic) acid functionalised, also forms gels with calcium ions.??® Thermally induced
gelation for polymers such as carrageenan, involves the formation of secondary helical structures and
aggregation but does not require an ionic crosslinker.??° Firstly, gels are heated to form dissolved coils,
before cooling to generate an aggregate network. The structure of these helices can differ,?* and there

is some debate over regarding their precise conformations.?3!

1.6.2. Low Molecular Weight Gels and Supramolecular Assemblies

The benefits of low molecular weight gels (LMWGs) are numerous and exciting. A polymeric gel exists
as a matrix of crosslinked chains, where the chains are formed of covalently linked monomers. In
contrast LMWGs exist as single or multiple small molecules which form a gel through supramolecular
self-assembly utilising non-covalent interactions.?®? This is often facilitated through directional
interactions (e.g. H-bonding). Unlike a traditional polymeric gel, LMWGs can be optimised for targeted
formation and degelation with a stimulus such as temperature and pH, which has great potential for
drug delivery.?®323> However, because of the weaker nature of the forces holding the assemblies
together, the mechanical strength is often inferior to traditional polymer based gels.?*52” LMWGs
typically form micro or nanosized fibres which are formed through one dimensional hierarchical
assembly, in contrast to long range 3D order in crystalline structures (Figure 1.12). Although high aspect
ratio structures is beneficial for gelation, the precise organisation of molecules to form the larger
assemblies varies. Tubular, helical, lamellar, and worm-like organisations of molecules can all form
LMWGs. Moreover, LMWGs can either be single component or multicomponent, with the latter adding
potential for additional functionality e.g. triggered gelation when a cogelator is introduced.?® Self
assembled fibrillar networks (SaFiNs) are an important subset of LMWGs that rely on gelator-solvent
interactions to form gels using inexpensive gelator molecules.?® The formation of molecule-solvent
assemblies in SaFiNs is similar to a solvate crystal, except the latter always exhibit high degrees of order

in three dimensions.
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‘Monomer’ 1D fibre Network of fibres

Figure 1.12: Schematic of 1D assembly of low molecular weight gels. Monomers do not covalently bond and
therefore gelation is mediated through noncovalent bonding such as hydrogen bonding. The 1D assemblies then
form gel networks.

The role of crystallinity within LMWGs is debated,?? with some definitions such as SaFiNs sometimes
used for both crystalline and non-crystalline gels.?*%?*! Draper and Adams regard the majority of
LMWGs as amorphous, with any implication of crystallinity being a minor or insignificant proportion of
the gel phase.?*? For a large proportion of LMWGs, their lack of crystallinity is evident with Draper and
Adams reporting amorphous ordered structures.?*® However it is not so simple; an alternative
perspective by Weiss is that many LMWGs (particularly SaFiNs) are polymorphous, with
thermodynamically unstable structures.?** Although crystal structures do exist, growth of large single
crystals (for XRD), or removal of solvent is often not possible without altering the structure. Very
recently, crystal structures of multi-component (supramolecular) LMWGs have been evidenced?®
through single crystal XRD, further exemplifying the rich and diverse nature of LMWGs. A distinction

between ‘traditional LMWGs’ was made for clarity, as crystalline suspensions also have the ability to

gel solutions, while forming 3D ordered assemblies instead of more one-dimensional structures.

Solvents can have a large impact on the feasibility of gelation. Solvation properties such as cohesive
energy, hydrogen bond density and their polarity determine if the gelator is compatible within the
network. Attempts have been made to predict and rationalise gelation using Hansen solubility
parameters, particularly important for SaFiNs.?*724 Organogels (non-aqueous gels) are also used on a
smaller scale, and are often oil based, and hence rely on interactions such as T]-TT stacking in apolar
solvents.”® By using alternative solvents, certain benefits can be achieved, for example, greater

solubilisation and delivery of less polar therapeutic ingredients.??
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1.6.3. Gels from Crystals
Fat crystal networks (FCN) consist of relatively low aspect ratio crystals that form networks of clusters
or agglomerates, held together through weak forces (Figure 1.13) such as Van der Waals.?*? They are

252 and their hardness can be altered by increasing crystal content.?* However,

commonly used in foods,
unlike non-aggregating polymer gels, both cooling rate and processing can affect rheological

properties.?*

Hhhhhh | -

Crystal lamellae Nanoplatelets Network of clusters

Figure 1.13: Schematic of fat crystal network gels, where organisation into crystals, and subsequently clusters and
flocs cause gelation.

Coagels are similar as they are crystalline, or semicrystalline aggregate networks, with similar
heterogeneity to FCNs, but are based on amphiphiles (Figure 1.14). They are hydrated surfactant
crystals, and sometimes escribed as a B-phase crystals.>>> While coagels can be ionic or nonionic,*%2>’
they are not comprised of polymeric surfactants, which self-assemble differently. While coagels can
form different morphologies, the most effective shapes are ribbons and fibres.?® This is because their
high aspect ratio lead to entanglements and network formation. They share many similarities to SaFiNs,
although exhibit have 3D ordering, instead of 1D. Gels from crystal/coagels behave differently to
polymer gels. Instead of breaking of the weak interparticle/floc bonds or breaking of the crystals which

259

gives rise to yielding and spreading,*° polymer gels can deform more elastically,?*® although this varies

on polymer composition and degree of crosslinking.
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Solvated crystal Crystal ribbon or fibre Fibre/ribbhon network

Figure 1.14: Schematic representation of coagel and crystalline surfactant gel formation where ribbons and fibres
form a network which can gel.

While polymer structurants can gel at low concentrations, crystal gel strength depends on the growth
and formation of crystal morphologies and aggregates This introduces an additional processing
consideration, evidenced by the effect of fractality and size on rheology of fat crystal networks.2°
Finally, crystal gels are highly temperature dependent, which may aid, or limit applicability depending

on formulation.

1.7. Research Objectives and Organisation

The general aim for this work is to explore the properties and structure of surfactants and polymers in
mixed and non-aqueous solvents. SDS was chosen as a model surfactant to study in detail for two
reasons: its ubiquity within personal care formulations and its typicality as an ionic surfactant: it has a
similar structure to many other surfactants used in industry. An additional benefit is that SDS is
synthetically derived and can be prepared in high purity compared to naturally derived alternatives.2®*
Other surfactants can then be used to probe systematic behaviour. The main polymer used in this work
is iota-carrageenan, which is a common additive within both food and personal care.?®2This biopolymer

provides adequate model behaviour representing the widely used helical forming polysaccharides.

It was reported at the start of this project that SDS formed hydrated crystal in glycerol rich media.*>®
However, little work has been conducted on the nature and dynamics of SDS in glycerol, especially in
an industrial context. Therefore the aims of the first results chapter is to establish an understanding of
the microstructure for crystals that form in glycerol and if hydrated crystals form, as well as examining

processing effects on phase behaviour. This is primarily achieved using x-ray scattering in combination
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with polarised optical microscopy. The physical properties of the crystalline suspension are then
probed using rheology and DSC. Following this, the study of analogous surfactants and polyol solvents

is undertaken to determine whether the behaviour of SDS in glycerol is systematic or anomalous.

The next chapter covers ternary systems. The initial focuses on water as a minor cosolvent, as phase
behaviour is less known in this formulation space. This is then extended across the solvent composition
range. The effects of adding a co-surfactant additive, 1-dodecanol, which is likely to be present as
additives or impurities within industrial formulations, was then studied to see whether crystal structure
and micelle behaviour are significantly altered. Finally, as inorganic electrolytes are often present in
toothpastes and personal care formulations, the effect of addition of a model salt (NaCl) on
crystallization was then studied. In the final results chapter microstructure and rheology of carrageenan
as a model polymer is studied in various glycerol/water mixtures. Following characterisation of the
polymer, its influence on the behaviour of SDS at room temperature is studied in glycerol/water
mixtures. These interconnecting themes can then be used as a roadmap for more complex

formulations, as summarised in Figure 1.15.

Surfactant/solvent

analogue behaviour

Room temperature
microstructure

( SDS/glycerol
Room temperature

microstructure and
physical properties

4 ) a4 )

SDS/glycerol/water
Room temperature

SDS/glycerol/water
Elevated temperature

+ lota-carrageenan/
- glycerol/water
Room Temperature

J S
I . y,
N N i
sDS/glycerol/ sSDS/ glycerol/ é h
1-dodecanol 1-dodecanol * lota-carrageenan/
Elevated temperature Room temperature * SDS/ glycerol/water
Room temperature
. J J peratu
1 J
Key
SDS/glycerol/ NaCl B Chapter 4
Room temperature Chapter 5
Chapter § —=—

\ J

Figure 1.15: Flow chart for the content and organisation of work produced in this thesis, where Chapter 4 aims to
provide fundamental understanding of binary surfactant mixtures in polyols, Chapter 5 increasing complexity to
ternary mixtures, and Chapter 6 covering the behaviour of polymers (iota-carrageenan) in glycerol/water mixtures,
as well as quaternary systems including SDS.
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2. Analytical Techniques

2.1. Scattering of Electromagnetic Waves by Matter

2.1.1. Scattering Principles

Scattering techniques are ubiquitous in the characterisation of molecules and macromolecular
assemblies, where structural determination is achieved through interaction of electromagnetic
radiation, or elemental particles, with matter. For characterisation of colloidal objects and crystals using
x-rays, radiation interacts elastically (coherently) with no energy transfer between the incoming photon
and matter. This involves Rayleigh and Thompson scattering, where the incident wave interacts with
the electrons surrounding the nucleus of the atoms being studied. Thompson scattering is the dominant
process in x-ray scattering.! The Bragg condition (Equation 2.1) states that the wavelength of radiation
is related to the resolution. For small distances, on the atomic or nano-scale, the small wavelengths of
x-rays are perfect for structural characterisation. Alternatively, elemental particles with a small

associated de Broglie wavelength can be used including neutrons.?

nA .
2= sinB eq. 2.1

Where A is the radiation wavelength, d is lattice spacing, n is an integer of order, and 6 is half of the
scattering (or diffraction) angle.® In general, the majority of x-rays pass unperturbed through a sample.
But when an x-ray interacts elastically (coherently) with a point scatterer, radiation of the same
wavelength is scattered as a spherical wave. If multiple scatterers are arranged in a lattice, then
constructive and destructive interaction of the coherent waves causes differences in the scattered
intensity depending on the scattering angle. The differences in intensity can then be measured and
compared against the scattering angle, which can be transformed into real space information. For labile
systems such as liquids and gases, inhomogeneities in the distribution of electrons within the sample
(e.g. a micelle and solvent) causes scattering of incoming radiation, which is measured in a scattering
experiment. For ordered systems, the regular array of scatterers (e.g. atoms), produces an interference

pattern from the long-range repeating spacings, which is called diffraction.

Scattering angle is inversely proportional to the sizes and distances measured. Thus, recording at wider
scattering angles (up to about 160 °) yields information at sub-Angstrom distances, which can be used
to probe atomic positions, particularly in crystals. If larger structures (up to a few microns)* are to be
measured, small angles must be used instead. Differing experimental setups are required to measure

intensity of the radiation scattered by materials into these two angle regions. Because of this, x-ray
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scattering is differentiated into small-angle and wide-angle X-ray scattering (SAXS/WAXS). Small angle
scattering is used to measure large assemblies and structures including polymers, micelles, and liquid
crystals. Detailed atomic positions cannot be resolved using small angle scattering results, but motifs

of electron density distribution can be measured.®

2.1.2. Small and Wide-angle X-ray Scattering

In SAXS, the scattering angles that are resolved by the instruments are below 10 °. Most experiments
are conducted in transmission mode, meaning that the x-rays pass through the sample as they are
scattered. Therefore, a beam-stop must be used to absorb the non-scattered x-rays and prevent
damage to the detecting sensors. A reflection/grazing incidence setup can also be used to probe surface
structures. The momentum transfer of an x-ray photon scattered by a material is called the scattering

vector, ¢, and its modulus is expressed as:

q= Mime eq. 2.2

Where g is usually measured in A or nm™. The closer a detector is to the sample, the wider the
scattering angles that can be recorded, and vice versa. Therefore, in order to gain structural information
using SAXS, the detector must be placed some distance away from the sample. Flight tubes under
vacuum are used to provide a means for the scattered x-rays to travel without interference from
collisions with air molecules (Figure 2.1).The sample to detector distance can vary in length as the flux

of x-rays, their collimation and the sensitivity of the detector also dictate what angles can be resolved.

3 4 5

1 2a 2b

—

Figure 2.1: Example of the small angle x-ray scattering equipment setup for liquid (solution) samples. X-rays
generated by x-ray source are focused and deflected using a 3D mirror (1) passing through collimation slits (2a
and 2b) to create a narrow focused beam. The x-rays continue into the sample stage (3), where it passes through
a solution in a capillary. The resulting x-rays pass through the flight chamber (4) with the scattered x-rays spreading
out at different angles. The x-rays are collected at the detector camera, with the non-scattered radiation absorbed
by the beam stop (not pictured). In nearly all cases, components (2) and (4) are under vacuum to prevent scattering
of x-rays by air molecules. Depending on experiment the sample chamber (3) can be either in an atmosphere or
under vacuum.

By
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Scattering information is then recorded as 2D patterns using a detector, acting as a camera. If
samples are isotropically averaged, i.e. randomly orientated and distributed in space, the patterns will
be isotropic around the centre. Conversely, if the materials are orientated and aligned, this will be
represented by an anisotropic pattern. This anisotropy can be quantified in one dimension by
integrating the intensity pattern as a function of the scattering angle. In order to improve the
statistics for isotropic samples, 2D data are integrated azimuthally to determine the intensity as a
function of the distance from the centre of the pattern, which equates to the scattering vector length.

This is then averaged over all (angles around) the detector (Figure 2.2).

Intensity

Intensity / number of counts Scattering vector, q

Figure 2.2: Example of an isotropic 2D scattering pattern (left), with the arrows indicating the direction of the
scattering vector length (q) and the azimuthal angle (). 1D integrated scattering pattern calculated from the 2D
image. The peak corresponds to the intense (red) scattering region with the highest x-ray intensity.

The intensity /(g), at a given scattering vector (g), is the product of the scatterers concentration, their
shape and distribution in space, and the scattering length density (SLD) contrast (Equation 2.3). SLD is
the relative scattering power and is defined by the number of electrons per unit length of a particular

compound, which is dependent on the chemical composition and mass density.
1(q) = S(q)P(q)DV?Ap? eq. 2.3

Where S(q) is the structure factor which describes how the scatterers are distributed in space with
respect to each other, P(q) is the form factor that describes shape of the scatterers, D is the number of
scatterers per unit volume, V is the volume of the scatterer, and Ap is the difference in SLD or contrast.
For successful measurements to occur, there must be adequate contrast between the SLD (Equation

2.4) of the medium and the scatterer. This is problematic in some cases where the composition and
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density of the solvent and scatterer are similar, in which case alternative techniques such as neutron

scattering can be used.

b

p= %Znibi eq. 2.4
w

Where Dn is the mass density, N, is Avogadro’s constant, be is the scattering length of an electron, M.,

is the weight average molecular weight (weight averaged), n;is number of ith atoms in the molecule,

and bi is the number of electrons in the ith atom.

There are two types of function that describe inhomogeneities in electron density for solutions that
give rise to scattering. Firstly, the form factor P(q) describes the scattering arising from objects in space,
in particular their size and shape (Figure 2.3). Secondly the structure factor S(q) describes the
distribution of particles in space. Particle interactions are weak at low concentrations and hence have
minimal effect on scattered intensity. Thus, the structure factor term can be neglected for such colloidal
systems. Comparatively, if scatterers are more concentrated, or are charged, effect of particle
interactions is more pronounced and has to be accounted by the structure factor term. An example of
this is the organisation of ionic surfactant micelles in solution to minimise inter-micelle repulsion, often

modelled using the Hayter-Penfold mean spherical approximation (Figure 2.3).57

Figure 2.3: Visualization of (left) particle shape, which is accounted for by the form factor P(g) and (right)
interaction of charged micelles in semidilute solution experiencing intermicellar ionic repulsion, which is accounted
for by the structure factor S(q).

Wide-angle scattering is often captured using a separate instrument, using adjustable positions in space
to collect signal at different angles. However recent iterations of SAXS instruments can implement a
secondary stationary detector to collect WAXS simultaneously (SWAXS).® This is most beneficial for

crystalline materials with nanoscale order.
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2.1.3. Processing and Data Reduction

Following transformation of 2D data into 1D patterns, further processing must occur before the
resulting scattering pattern can be analysed. The number of data points are reduced to minimise
computational load. The background scattering of the sample and the instrument must then be

subtracted.

In scattering experiments, the background scattering has multiple origins: Firstly, from incoherent
scattering and from instrumental noise. This equates to a constant value that can be accounted for.
Secondly, coherent background scattering originates from the material the scattered x-ray has to pass
through, that are not the focus of the measurement. In solution scattering, this originates from thermal
density fluctuations in the solvent and the sample holder or capillary that houses the mixture, as well
as any barriers (windows) the x-ray must pass through. This is achieved by completing a background
scan under the same conditions, which for solutions will contain only the solvent in a capillary tube. The
background scattering pattern can then be subtracted from the sample, once the intensity is scaled
appropriately. The resulting background-corrected scattering pattern can then either be used or scaled
to absolute intensity to account for the flux of x-rays and the volume of irradiated material. An efficient
method is to scale collected data to use a readily available scatterer with minimal structural features
and a solvent with a known differential scattering cross-section value such as water. Scaling to absolute

intensity is useful as some analytical models require this to calculate volume fractions of components.

2.1.4. Generalised Scattering Approximations
Generalised approximations and mathematical models are used to determine size and shape
parameters of soft matter objects. While there are many different types, a brief overview of relevant
systems is included. The Guinier approximation states that regardless of particle shape, the radius of
gyration (Rg) can be measured at small values of scattering vector (q) (Equation 2.5).

_qugz
P(q) = Il,e” s eq. 2.5
Where Io is the intensity of the incident beam. The approximation is considered accurate only at very
small angles (gRg << 1). At high g (qRg >> 1), the Porod approximation becomes valid. While the Guinier

approximation relates to particle size, the Porod approximation relates to particle surface area (S). At

the highest values of g, intensity I(g), decays uniformly (Equation 2.6).

1(q) x Sq~* eq. 2.6
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In the intermediate region between Guinier and Porod, the shape can also be elucidated. This is called
the intermediate, fractal, or Fourier regime and mainly represents shape and internal structure of the
scatterers.? The slope of the region informs the shape: a power law slope is observed, with integer
values n = 1 (Equation 2.7) indicating rod-like particle shape, n = 2 corresponds to discs or Gaussian

polymer chains, and n = 0 indicating spherical particles.

I(q) xqg™™ eq. 2.7

Generalised slopes can also determine the type and degree of fractality in a system e.g. a gel matrix.
From n =2 to n = 3, mass fractals such as gels are seen, and above n = 3 and below 4 surface fractals

are observed.®

2.1.5. Scattering by Soft Matter Materials

Modelling of globular polymers in solution that correspond to a Gaussian coil in theta solvent conditions
can be achieved using the Debye function (Equation 2.8).2° It comprises a low g component for the
change in Rg, and a high g component that decays with a power law of 2. This does not correspond to

extended or wormlike chains which are modelled differently.

2p2
Z(e_(q Rg)+q2R§—1>

(q%R3)?

P(q) = eq. 2.8

Where Ry is the polymer radius of gyration. While homopolymers in solvent have two SLD’s (one for the
scatterer, one for the solution), ionic surfactant micellar solutions have 3 regions of differing SLD (the
core, shell, and the solvent). In agueous solution, this generally results in the solvent having
intermediate density compared to the less dense alkyl chain and the higher SLD shell, although the
addition of organic cosolvents can change this scenario. To account for the component distribution in
the particles (micelles), a core-shell structural model is used. The critical packing parameter (CPP)
predicts spherical micelles, but ellipsoidal micelle models are often found to give better fits to the
scattering curves. A robust method to assess micelle shape is therefore the core-shell ellipsoid model
(Figure 2.4). While some models treat shell thickness ( Tsnen) as variable, for small molecule surfactants
this is unphysical as the small ionic headgroup cannot change conformation unlike a polymer chain.

Therefore, a constant value of Tsen around the micelle is assumed when fitting this model.
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Figure 2.4: Visualisation of structural features of a core (blue) —shell (red) ellipsoid model, with fixed shell thickness.
Ellipsoids can be a) oblate or b) prolate. The semi-major axis (a) and semi-minor axis (b) of the ellipsoid differs
depending on which type is formed.

The generalised form factor of an (uniaxial) ellipsoid or core-shell ellipsoid is a function of the semi-
major (a) and semi-minor axes (b), and an orientational variable (u), which differ depending on the
aspect ratio of the micelle.!'? To calculate the mean thickness, the shell is initially treated as a larger

ellipsoid surrounding a smaller core ellipsoid, with the relationship as follows.

Tshett = Qshetr — Acore = bsheit — beore eq. 2.9

To calculate the form factor ({|P(q)|?)) of a core-shell ellipsoid.**13:14
(IP(q)I?) = scale follp(a, b, w)|*du + background eq. 2.10

Where P(a, b, 1) is the single particle structure amplitude, which equates to

J1(Ucore) J1(Wshern)
PP(q,a,b, ) = 3(pcore — Pshew)Veore [ZCT] + 3(Psher — Psowent)Vshell [1—]1” eq. 2.11

Ushell

When particle orientations are randomly oriented. Here V is the ellipsoid volume, p is the SLD and j; (1)

is

j1(x) = (sinx — xcosx) /x> eq. 2.12
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Values for Veore and Vnen, along with Ucore and Ushen are calculated in the same way, with different
coefficients representing the length of the axis etc. (Figure 2.4). However, the values for V and u depend

on the aspect ratio of the micelle.’> When the ellipsoid is prolate:

1

u=qla®(1—p*) +b*(1 —u?)]z eq. 2.13
and

V(a,b) = (%) ab? eq. 2.14
Similarly, for an oblate ellipsoid

1

u = qa?(1 — u?) + b?u?]z eq. 2.15
and

V(a,b) = (4?11) a’b eq. 2.16

For particles with limited ionic functionality, the interaction between different particles will be
primarily through steric or excluded volume interactions. For objects that possess significant charge
density, including ionic micelles, repulsive interactions lead to maximising distance from other
neighbouring objects to minimise the effects of the electrostatics. These interactions are captured by
the structure factor. Structure factors generally describe spherical objects, and this should be
considered when coupled with non-spherical form-factors. Organisation of repulsing ionic objects is
described by Hayter and Penfold,®” which is a function of the physical properties such as
temperature, object size, and volume fraction, as well as electrical properties such as the charge
density, the dielectric constant and salt concentration. This is required to account for the

electrostatic repulsion.

2.1.6. Scattering by Ordered Periodic Structures

Diffraction from ordered structures is a type of structure factor, as it describes the periodic position, as
opposed to their size and shape. While crystals exhibit long-range order in three dimensions, other
molecular assemblies can also exhibit diffraction. For example, liquid crystals can exhibit diffraction,®
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whereby a structure may exhibit positional order,® but not high levels of both long range orientational
and positional order like a true crystal. When regular spacing occurs, a diffraction peak is observed in
the scattering pattern (Figure 2.1). When the peak is sharp as opposed to broad and diffuse it is
indicative of a high degree of long-range order, and such peaks are referred to as Bragg peaks. The
relationship between the real spacing and the peak position expressed in units of scattering vector

length is as follows:
d="2" eq. 2.17

Where d is the spacing. Due to the Bragg condition, peaks at low g correspond to the largest size. Large
crystal unit cells, or large assemblies such as liquid crystals, will give rise to peaks in the SAXS region, as
opposed to WAXS. The smallest representative structure that defines the repeating lattice of a crystal
is called the unit cell. There are 14 Bravais lattices which describes types of all unit cells, which can be
further categorised into point group and beyond depending on their symmetry.l” Each can be

characterised by different ‘crystallographic planes’ assigned by Miller indices (Figure 2.5).

110

100
Cubic (primitive)

Figure 2.5: Example of a Bravais lattice: cubic primitive, with two examples of crystallographic planes with Miller
indices 100, and 110 planes.

Miller indices can be determined through the Bragg peak position. Diffraction patterns are orientation-
dependent and are best obtained from a single crystal. However, in an isotropic mixture such as a
powder, this is averaged out to form Bragg peaks that are orientation independent. Bragg peaks can be
used to determine unit cell structure. The more peaks that can be observed the more planes that are

evident. However, while some peaks are easy to identify, others are difficult. Indexing can be used,
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which can be conducted manually or through various algorithms, which uses peak spacing information
to find a symmetry that satisfies all peaks.'® Certain relative peak positions are indicative of specific
structures. For example, lamellar structures have peak orders (e.g. in the 00x plane) that increases in a
g(n+1) manner (where q is first-order peak position and n is an integer), whereas hexagonal structures

have peak ordering that increase by non-integer coefficients.?

While the peak position can reveal crystal symmetry, peak intensity can inform electron density
distribution. This extends to non-crystallizable ordered materials, where obtaining a single crystal is
not possible. Instead, in certain cases, isotropic data such as powders can be studied to give electron
density of a crystal across one dimension. This is evident for lamellar structures as they are packed
along the lamellar normal in a repeatable fashion. The technique is most easily applied to molecules
containing different atoms in distinct regions with identification of the different regions of electron
density. This approach was developed for crystalline fats and lipids, where the positions of different
regions (glycerol or head group, respectively) within a molecule can be identified (Figure 2.6).2*7! The
method can also be used for non-crystalline periodic structures provided a few diffraction peaks are

generated.
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Figure 2.6: Reproduction from Mykhaylyk and Hamley.?! Electron density profile along the layer normal of a
triacylglyceride crystal, used as an aid for structural determination, and plotted as intensity versus distance along
a bilayer. The presence of different glycerol groups can be shown to form the structure and molecular tilt evidenced
by the structural diagram.

The construction of electron density profiles is achieved by an inverse Fourier transform to reconstruct

the structure factor. The information used for this is the structure amplitudes originating from Bragg
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peak position and intensity. Each peak contributes a single structure amplitude, leading to a wave term
used to form the electron density profile.?2 The more diffraction peaks that are present, the more waves
are used to reconstruct the electron density profile, theoretically giving better resolution of the profile.
However, there is a complication, as the number of peaks is increased, the number of waves is
subsequently increased. Due to the conditions of the transform, each experimental peak recorded will
give rise to two possible outcomes, resulting in 2" different combinations, where n is the number of
peaks. While some combinations of waves are inverse or translated, only one combination of phases
will correspond to the real electron density distribution in the unit cell. This is referred to as the phase
problem.? In some cases phase determination can be solved by examining analogous structures.
Alternatively, for non-crystalline systems, changing the spacings systematically can yield the correct
phase. An example of this is in non-crystalline lamellar phases, where solvent content is increased to
swell the molecule and increase the solvent region between the bilayers, which is reflected in the

resulting electron density profile.? This technique is powerful, although not always applicable.

2.2. Optical microscopy

Optical microscopy (OM) is used to image and measure objects on the micron size scale in real space.
It is complementary to scattering techniques, in particular SAXS, as larger aggregate structures can be
compared to the microstructure previously determined. Polarised optical microscopy (POM) explores
the birefringence of optically anisotropic micron-sized objects. Birefringence is a property of materials
characterised by two or more refractive indexes depending on the material symmetry and orientation.
Many crystals exhibit birefringence due to their structure which contains multiple indices of refraction.
However, orientationally isotropic crystals such as the cubic crystal structure of NaCl do not exhibit this
property as the refractive index is equivalent in all directions.?* When light passes through optically
anisotropic materials, it is split into two perpendicularly-polarised rays, called the ordinary and
extraordinary, which travel via two different paths. This causes the exiting waves to be polarised in a
different manner to the incident wave. The study of birefringence is not possible with unpolarised light,
as the isotropic nature of the light source would negate the effect. While the colour of birefringence
can be quantified,” the study of birefringent materials is used heavily in a qualitative manner to
understand what types of phases present e.g. liquid crystals and crystals, as well as to determine the

orientation and rotation of structures.
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Figure 2.7: a) Generalised diagram of a polarised optical microscope. (1) Unpolarised light is generated and passes
through a (2) polarised filter (polariser), before being focused using a condenser lens (3). The light then passes
through the sample (4) before passing through another filter (analyser) (5) which is then recorded by a camera or
detected by optics (6). b) Diagram showing the polarisation of light and the path through a non-birefringent
(isotropic) sample. Non-polarised light passes through a filter to form linearly-polarised light in one direction. This
does not change when interacting with the sample and is blocked at the analyser. c) Diagram showing the
polarisation of light and the path through a birefringent sample, where the incoming linearly-polarised light
changes the status of polarisation when passing through the sample. This allows light through the analyser with
its plane of polarisation crossed at 90° to the polariser plane.

POM is achieved the same way as traditional optical microscopy, with the addition of polarised light
filters (Figure 2.7). The first, called the polariser, is placed before the sample stage, and causes the light
to become linearly-polarised along one direction. This polarised light then passes through the sample
and then passes through a second polarisation filter (analyser) with its plane of polarisation crossed at
90° to the polariser plane. For isotropic systems, e.g. a liquid, the light passes through the material,
experiences negligible change in orientation and is blocked by the second polarizing filter. For
birefringent materials, the polarization direction is modified, and some light passes through the second

filter.®
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2.3. Rheology

2.3.1. Equipment

Rheology is the study of a material’s deformation under an applied force. For example, a shear force
can be applied to a soft matter material using two parallel discs separated by a fixed gap filled with the
material, where one disc rotates around its central axis with respect to the other (Figure 2.8a). The
rotation could be continuous (steady-state) or oscillatory when the disc rotation periodically changes
its direction. The apparatus is called a rheometer and can use various geometries depending on the

sample (Figure 2.8).

@ﬁhﬁ

Figure 2.8: Common rheometer geometries (grey) containing sample (blue): a) parallel plate, b) cone and plate, c)
Couette cell/ cup and bob cell/coaxial cylinder cell and d) vane/rotor geometry.

Each geometry confers practical benefits depending on the sample. Parallel plate geometries are the
simplest (Figure 2.8a) and vary in size. The shear rate is not uniform across the diameter as the outer
material must travel faster to conserve angular momentum. However, it is commonly exploited for
oscillatory rheology where angular movement of the geometry fixtures, which are the same at all radial
positions, are used for the measurements. Cone and plate geometry (Figure 2.8b) allows for more
accurate measurement due to the uniform shear rate across the sample. This is because shear rate is a
function of sample height, which varies with the distance from the centre. Thermal experiments are
easily performed on plate-plate and cone-plate geometries due to the efficient heat transfer from the
large sample surface area to its volume. Further improvement in measurement quality can be attained
using a cup and bob, or Couette cell (Figure 2.8c), which can eliminate sample edge effects observed in
plate-plate and cone-plate geometries. This includes material drying, or expulsion of material from the
sample cell.??8 However larger sample volumes are required. For highly viscoelastic mixtures, vane

geometries (Figure 2.8d) provide an alternative option that prevents a phenomenon called wall slip,
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which can occur with lower surface area geometries. However, where only small sample volumes are

available, plate-type geometries with rough or crosshatching surfaces can be used.

2.3.2. Steady-state Rheology
Steady-state rheology is the measurement of a material when a constant force (F) is applied in a certain

direction. The applied force is normalised over area (A, Figure 2.9) to give a shear stress (1).

T=F/A eq. 2.18

Shear rheology can be envisioned as plates moving in a response to shear force (Figure 2.9), where the

bottom plate, representing the lower geometry is stationary and the top plate is the advancing front.?

The magnitude of the moving geometry is defined by shear rate (Equation 2.19).

;= =7
y=""=5 eq. 2.19

Where x is the distance moved, h is the sample gap, and v is velocity. Shear strain is also used to define

the amount of material deformed, which is the distance divided by the sample gap (Equation 2.20).
X
y=; eq. 2.20

Viscosity is used to define how ‘thick’ a fluid is. It is defined as a measure of how much normalized force

is required to move an object (equation 2.21).

n=rt/y eq.2.21

A fluid’s response to shear can either be Newtonian or non-Newtonian. Newtonian materials respond
uniformly to shear, regardless of the time of shearing and shear rate. Non-Newtonian liquids behave
differently: their response to shear can be time-dependent and/or shear rate-dependent, which can be

measured using steady-state rheology.
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Figure 2.9: Visualisation of the plate model to describe shear rheology, where the deformation of a material caused
from a force applied from a top moving geometry and stationary bottom plate. A is the plate area, h is the height
or the sample gap, x is the displacement (distance moved).

Viscoelasticity is also a type of non-Newtonian behaviour often measured using oscillatory rheology.
The most common time-dependent behaviour is thixotropy, which is when viscosity decreases over
time. Shear rate-dependent viscosity is often described as shear-thickening or shear-thinning, although
other types are possible, e.g. Bingham plastic. Shear rate-dependent behaviour is measured by flow
curves where the shear rate is increased or decreased incrementally and the change in viscosity is
measured. An example of a shear-thinning mixture is toothpaste, which is initially highly viscous but

under shear of brushing, reduces its viscosity.

Various models exist to describe dependence of material viscosity on shear rate. The most common is
the Cross model (Equation 2.22).%° This is relevant for viscoelastic fluids that experience a high viscosity
at low shear rates, and ‘yield” at a specific point with a power law-dependent lowering of viscosity, until
a limiting plateau value is reached (Figure 2.10).

N =MNnrt % eq2.22
Where 1y fis the infinite shear viscosity plateau, nyis the zero shear viscosity plateau, C is the Cross
constant, and n is the degree of shear-thinning (given as a positive value) representing the power law
gradient of the shear-thinning region. An example of Cross behaviour is shown in Figure 2.10, with
representation of the model’s parameters. While this behaviour is not seen in all shear-thinning
materials, it is highly applicable to polymer solutions, where a minimum shear rate is required to

2 Other models can measure

disentangle and align polymer chains parallel to the flow direction.
aspects of shear-thinning and thickening. The Sisko model®! can be used if no zero shear viscosity
plateau is present, which forgoes a zero shear plateau, but contains a power law dependency followed

by a high shear plateau.
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Figure 2.10: Shear-thinning behaviour, conforming to the Cross model, with visualisation of parameters for zero
shear viscosity (no), infinite viscosity (ninf), and degree of shear-thinning (n).

In addition, other tests can be used to probe behaviour undetectable by flow curves. Creep recovery
tests are used to determine the deformation and recovery of materials, this is valuable for applicative
properties in personal care, e.g. when squeezing a tube of toothpaste, the toothpaste is expected to
recover and remain as a defined shape on a toothbrush. However, to measure the elasticity of a sample,

oscillatory rheology must be used.

2.3.3. Oscillatory Rheology

Oscillatory rheology is performed to determine both the elastic (storage modulus, G’) and viscous (loss
modulus, G”’) properties of a material. Instead of a steady shear, the rheometer geometry moves at a
constant frequency through sinusoidal application of shear amplitude in two directions (Figures 2.11),
with the material response being measured. In purely elastic solid, the material will respond in phase
and follow the applied shear. For purely viscous materials, e.g. water or glycerol, the elastic component
is negligible, so as one oscillation takes place (Figure 2.11), the material will respond out of phase as it
is purely viscous, with a phase angle (§) of 90 °. For a viscoelastic material, the response is an
intermediate value, resulting in a phase difference lower than 90 ° which used to calculate viscoelastic

properties (Figure 2.11).
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Figure 2.11: Example of oscillatory rheology measurement where a sinusoidal strain is applied (black) to a sample.
A viscous material (blue) responds out of phase, with its response offset 90 ° compared to a wholly elastic material
which responds in phase (not shown for clarity). A viscoelastic material (red) responds with an offset less than
90 ° due to contributions from both elastic and inelastic components.3?

Materials do not respond similarly to all shear strains. There is a linear viscoelastic range (LVER), where
stress and stain are linear, and beyond this range the material behaviour is less defined and more
complex. Therefore, to measure the response of a material to different frequencies (frequency sweep),
the linear viscoelastic range must be determined. This is achieved by performing an amplitude sweep
at a fixed frequency, which consists of oscillatory strain increasing incrementally, with the response
being measured (G’, G”). The results show a plateau for the LVER, with a primarily negative dependence
after this as the structure is ‘broken’. A strain can then be chosen within the LVER to measure the
response to frequency. Generally, the higher the strain within the LVER, the reduced amount of noise
and more reliable measurements can be performed. Within the LVER, the storage modulus (G’) can be

defined from the ratio of the in-phase stress and strain.

G' = %cos () eq. 2.22
While the Loss modulus (G”) is derived from the out-of-phase stress and strain ratio.

G" = %sin () eq.2.23

Complex viscosity can be defined as the frequency of the complex modulus, which is derived from the
vector product of G' and G”. While it has a different meaning to viscosity under constant shear,
empirical observations have shown in some cases there is a close relationship such as the Cox-Merz

rule.3334

59



Chapter 2: Analytical Techniques

2.3.4. Rheo-optical Techniques

Material birefringence and stress can be related via stress-optical coefficient. This property of materials
is often exploited by rheo-optical techniques. In this respect, shear induced polarised light imaging
(SIPLI) technigues, which is a combination of mechanical rheology with an optical polariscope (Figure
2.12), is developed to measure molecule birefringence/polarizability under shear.>>*® The optical setup
is similar to that used for polarised optical microscopy (Figure 2.7). However, for an isotropic mixture
of birefringent particles, for example a crystalline suspension, the sample will be ‘bright” only when the

particles are aligned (for example, by a shear flow).

Rheometer
plate Sample

Glass plate '—T—l

Polarizer
Beam ] Filter
splitter < i ]
\v“il ! |
~ Light
Quarter
Quarter wave plane ==3-==-F-~ V\;'ave Collimator
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Figure 2.12: Schematic representation of SIPLI apparatus.>® Polarised light is generated and reflected by the beam-
splitter to pass through the sample which is in turn reflected by the rheometer mirror plate. Following this, the
light is focused and passes through another polarised filter (analyser) with its plane of polarisation orientated at
90° with respect to the polariser plane, before being recorded by the camera.

When the particles align parallel to a shear direction the bulk material becomes birefringent and
polarisation occurs, resulting in different polarised light images. For example, a Maltese cross will
appear if the sample changes the polarisation of incoming light, and only then the light will pass through
the analyser (Figure 2.13). This allows the determination of alignment under shear and hence
interpretation of the sample’s rheological behaviour, aiding characterisation of the microstructure.

Furthermore, the contrast can indicate the degree of alighment of the structure. As a parallel plate
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induces a gradient of shear, the observance of dark regions in the centre indicates the presence of a

critical alignment shear rate, which must be exceeded to align the sample and form a Maltese cross.®

Critical shear
rate for
alignment

Maltese cross
—— indicating alignment
under shear

No Birefringence Birefringence (aligned)

Figure 2.13: Schematic illustration of the orientation of birefringent material above a critical shear rate, resulting
in Maltese cross formation, obtained using SIPLI apparatus while the sample is sheared. When no birefringence is
observed, the sample is dark due to the plane polarised light being blocked by the analyser.

2.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is the study of heat that is absorbed or released by a material
when it undergoes a temperature-induced structural or phase change. It is used for primary phase
transitions including melting and cooling, but it can also be used for the glass transition of polymers.
Measurement of the transition is achieved by measuring a small amount of sample in a metal pan with
a lid, compared to a reference empty pan. The difference in energy required to heat the sample to a
given temperature is measured: any endothermic processes will require more energy to heat, and any
exothermic processes will require less energy to heat when compared to the reference. A DSC
experiment can be measured in two ways. In power-compensated DSC, the two pans are in separate
insulated chambers and the difference in electrical energy required to heat the material equates to the
energy of the transitions that occur. Alternatively, in heat flux DSC, the samples are contained in a single
furnace and the difference in temperature equates to the change relative the reference material.®” For
some materials it is beneficial to take a baseline. In solutions this can be the solvent, so that only the
thermal properties of the material in question are studied. This is applicable for melting and

crystallization of solutes, e.g. a surfactant.
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When measuring the melting transition of substances, a DSC trace should produce one distinct melting
peak. However, non-equilibrated, impure, and non-uniform thermal transfer causes a melting range
which consists of an onset, peak, and end-set. Choice of experimental conditions and cooling
temperature can improve this situation, although it can be highly dependent on sample composition,

it is common to observe melting ranges as opposed to specific melting points.®

2.5. Infrared Spectroscopy

Fourier transform Infrared (FT-IR) spectroscopy is the study of the vibrational energy of bonds within
molecules. It can be performed in solution, or in the solid state. For solids/powders the spectrum is
recorded via through attenuated total reflectance (ATR) of a crystal, on which the sample is placed. This
technique can be used to identify different compounds or changes to structure. Moreover, non-
covalent bonding can be probed, as it alters the vibrational frequency of adjacent covalent bonds. It is
performed by irradiating the sample with infrared light (expressed as wavenumbers, which is inversely
related to wavelength). The absorbance of radiation occurs when it is of the same energy as the
vibrational frequency of a particular bond. This absorbance is then plotted against the wavenumber.
Various types of bonds absorb have different associated energies, and therefore absorb in differing
regions. One strongly absorbing group is the alcohols, with the O-H bond ranging from 2500-3500 cm®

L Therefore for aqueous or alcoholic solutions the background must be subtracted.
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3. Materials and Methods

3.1. Materials

Sodium dodecyl sulfate (> 99 %), sodium tetradecyl sulfate (> 95 %), sodium hexadecyl sulfate (~ 60
%), sodium octadecyl sulfate (> 93 %), sodium dodecanoate (99-100%) glycerol (> 99.5 %), sodium
dodecyl benzenesulfonate (Technical grade), ethylene glycol (anhydrous 99.8%), 1,3-propanediol
(98%), water (HPLC grade), and 1-dodecanol (> 98 %) were purchased from Sigma Aldrich. Sodium
dodecyl sulfonate (HPLC grade), sodium decyl sulfate (99%) and NaCl (>99.5%) were purchased from

Fisher Scientific. Genu Smart 236 (lota carrageenan) was kindly donated by Unilever Port Sunlight.

Surfactant-glycerol crystal formation is strongly dependent on the presence of water, powdered
materials were dried in a vacuum oven at 60 °C for 12 hours before use to minimise residual water.
Water content in glycerol was measured using Karl Fisher titration, kindly performed by Keith Owen.
Samples were stored in sealed containers under dry nitrogen atmosphere before measurement.

Vacuum distillation was used to reduce the water level below 0.5 Wt.% where applicable.

3.2. Sample preparation

3.2.1. Preparation of Binary Surfactant Gel Phase

The solvent and surfactant were first weighed into glass vials containing a magnetic stirrer. Following
this the vessel was sealed and heated to 75°Cin an oil bath, unless specified otherwise, with continuous
stirring for 30 minutes. The vial was then removed from the oil bath to allow to cool to room
temperature for a minimum period of 5 hours undisturbed to allow for quiescent crystallization. The

mixtures were stored at room temperature until required for characterisation.

3.2.2. Preparation of Ternary Mixtures Containing SDS and Glycerol.

The solvent and surfactant were first weighed into glass vials containing a magnetic stirrer. Ternary
components, including water, 1-dodecanol, or NaCl, were added thereafter. The vessel was sealed and
heated to 75 °C in an oil bath, unless specified otherwise, with continuous stirring for 30 minutes. The
vial was then removed from the oil bath to allow to cool to room temperature, for a minimum period
of 5 hours undisturbed to allow for quiescent crystallization. The mixtures were stored at room

temperature until required for characterisation.
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3.2.3. Preparation of Ternary and Quaternary Mixtures Containing Carrageenan, Glycerol,
Water, and SDS

The polymer and SDS (where applicable) were first weighed into a glass vial. Glycerol was added, and
the mixture was immediately dispersed using a spatula to minimise lumping. The vial was then sealed
and placed on a roller mill for 15 minutes. The vial was then removed, and water was added. For
unheated samples, the sample was then placed on a roller mill for a minimum of 12 hours. For heated
samples, a stirrer bar was added, and the sealed vial was heated to 75°C for one hour in an oil bath.
After this the stirrer bar was removed and the mixture was allowed to quench quiescently for 5 hours.
SDS containing mixtures were not mixed on a roller mill following cooling to maintain crystal aggregate
integrity and stored at room temperature. Samples not containing SDS were placed on a roller mill for

a minimum of 12 hours.

3.3. Analytical Methods

3.3.1. Polarised Optical Microscopy

Optical microscopy images were recorded at 2.5x, 10x, and 20x magnification using an Axio Scope Al
fluorescence microscope (Zeiss, Jena, Germany) equipped with an Axiocam 105 colour camera.
Polariser and analyser crossed at 90° to each other were used for collecting POM images. To minimise
flow, which can lead to crystal aggregate break up, the material was delicately and slowly transferred
from the vessel to a glass microscope slide using a spatula. A coverslip was then gently placed over the
sample and the images acquired. Zen Lite (Zeiss, Oberkochen, Germany) software package was used to

operate the instrument and process the collected images.!

For isothermal cooling measurements, the temperature was controlled using a THMS600 microscope
heating stage (Linkam Scientific, Tadworth, UK). Samples were loaded into a coverslip- gap (in place
with an Oring) — coverslip sandwich with a diameter of 22 mm and thickness of 1 mm. This assembly
was then heated to 80 °C for 5 minutes to achieve thermal equilibrium, monitored by the loss of
birefringence, before quenching at 30 °C min* until a desired cooling temperature is reached. This
temperature is then maintained, and a frame was recorded every 60 seconds, until no change in the

shape or size of the crystals were observed and the measurement was ceased.
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3.3.2. X-ray Scattering
3.3.2.1. Equipment and Sample Processing

SAXS measurements of anhydrous SDS powders, SDS mixtures in glycerol, analogous n-alkyl sulfate
mixtures, SDS/glycerol/water mixtures, SDS/glycerol/dodecanol mixtures (elevated temperature) and
SDS/NaCl/glycerol mixtures, and isothermal crystallization of SDS mixtures, were performed on a
Xenocs Xeuss 2.0 SAXS laboratory beamline with a metal jet X-ray source (GaKa-radiation, wavelength
= 1.3414 A) (Excillum, Kista, Sweden), and Pilatus 1M pixel detector (Dectris, Baden-Daettwil,

Switzerland) using transmission mode. SAXS patterns were recorded at the University of Sheffield over
a scattering vector range of 0.02 At < g < 1.2 A'(or 0.02 A*<g<1.0A), where g = 47”51’716’ and 6 is

half the scattering angle. Simultaneous small and wide angle scattering (SWAXS) was measured using
the same instrument, with the small angle being data recorded over a scattering range of 0.02 A< g <
1.20 A'. Wide angle scattering captured during SWAXS was recorded using a Pilatus 100K pixel detector
over a scattering range of 1.22 A < g < 3.52 A. Borosilicate capillaries (2 mm-outer diameter, 0.01
mm wall thickness) were used as sample containers (WJM-Glass Muller GMBH, Berlin, Germany) for
the X-ray measurements. For elevated temperature measurements, the temperature was controlled
using a HFSX350-CAP capillary heating stage (Linkam Scientific, Tadworth, UK). Samples were heated to
60 °C unless specified otherwise and equilibrated for 10 minutes before recording. For isothermal
crystallization measurements, samples were initially heated to 60 °C for 5 minutes to achieve thermal
equilibrium, in the dissolved state, before quenching at a rate of 30 °Cmin* until a desired temperature
is reached. SAXS frames were repeatedly acquired using an exposure length of 59 seconds, and a total
cycle time of 60 seconds, for either 120 minutes or until the intensity of the Bragg peaks remained

constant.

SAXS patterns for sodium hexadecyl sulfate in glycerol, sodium tetradecyl sulfate in ethylene glycol, all
other 12-carbon chained surfactant (sodium dodecanoate, sodium dodecyl benzenesulfonate, sodium
dodecyl sulfonate) mixtures in a polyol solvent, (glycerol, propylene glycol or ethylene glycol), and
SDS/glycerol/dodecanol (room temperature ), were recorded over a range of 0.06 A < g < 0.9 A using
a Bruker Nanostar laboratory SAXS instrument (Bruker AXS, Karlsruhe, Germany) modified with a GeniX
3D X-ray source (Cua-radiation, wavelength = 1.5418 A) and motorized collimating scatterless slits
(Xenocs, Grenoble, France) at the University of Sheffield. Borosilicate capillaries (2-mm-outer diameter,
0.01 mm wall thickness ) were used as sample containers (WJM-Glass Muller GMBH, Berlin, Germany)

for the X-ray measurements.

66



Chapter 3: Materials and Methods

SAXS patterns of carrageenan in glycerol/water mixtures were recorded over a range of 0.01 A < g <
0.11 AT with a Bruker Nanostar laboratory SAXS instrument (Bruker AXS, Karlsruhe, Germany) using a
metal jet X-ray source (GaKo-radiation, wavelength = 1.3414 A) (Excillum, Kista, Sweden) at the
Materials Innovation Factory (Liverpool) in conjunction with Unilever. Proprietary quartz capillary (1.5

mm OD) in measuring cells (Bruker AXS, Karlsruhe, Germany) were used for the x-ray measurements.

For all apparatus, g was calibrated using silver behenate powder.2 Two-dimensional SAXS patterns were
transformed into one-dimension (1D) curves by an azimuthal integration using software supplied by
the instrument manufacturer. Where applicable, scaling of scattering data to absolute intensity (cm™)
was achieved by measuring the incoherent scattering of water. Calibration of the SAXS patterns and

the background scattering subtraction were performed using Irena SAS macros for Igor Pro.?

3.3.2.2. Kinetic Analysis of Crystallization

Peak intensities and positions of the SDS-glycerol crystal phase recorded from isothermal cooling of
SDS/glycerol mixtures were obtained using the powder diffraction/WAXS procedure within the Irena
macros available for IGOR Pro 8 software.? Peak intensity was subsequently plotted against time, with
the data normalised to the highest intensity peak fit. For kinetic measurements, a modified Johnson—

)46
7

Mehl-Avrami—Kolmogorov (Avrami) equation was employed (Equation 3.1 using the custom

nonlinear modelling function in GraphPad Prism version 9, selecting the robust fitting method chosen

(GraphPad Software, San Diego, California USA.)’
X(t) = 1 —_ e_k(t_tinit)n eq. 3.1

Where X (t) is the volume fraction of crystallized species, t is time, t;,i; is the lag time, n is the Avrami

exponent, and k is the overall crystallization rate constant.

3.3.2.3. Electron Density Profile Reconstruction from Small Angle Scattering Data.
The electron density distribution of one-dimensional periodic lamellar structures can be expressed

(along the layer normal) at a point z in space, as a Fourier series F(z), such that:

1z
F(z) = 1502 WS - e 2™ eq. 3.2
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Where S(1) is a structure factor (Fourier term in the series) corresponding to the specific Miller index |,
and L is the lamellar period along the layer normal. Since S(1) and S(I) are conjugate quantities,

Equation 3.2 can be written as:

F(z) = %[5(0) +2-F(2)] eq.3.3
Whereby,
F'(2) = $2,IS(D)| - cos (Z’zi - 5(1)) eq. 3.4

Where, |S(1)| is the structure factor amplitude. n-alkyl sulfate molecules crystallize into bilayer motifs,
and therefore the electron density projection against the layer normal is symmetrical with respect to
the layer centre. For a centrosymmetric symmetry, or structures containing a plane of symmetry, or
rotation (screw) axis parallel to the lamellae layer normal, the phase angle, § (1), can exist in two states:

0 or 1. Thus, Equation 3.4 can be simplified further:

F'(z) =X2.m)-|1SD] - cos (ZZJ) eq. 3.5
Where m(l) = % = 41 is the phase sign coefficient associated with a particular Miller index (I).

F'(z) represents the electron density profile, which is used for determination of molecular packing
along the layer normal. The structure factor amplitudes for Equation 3.5 can be calculated from the

corresponding total diffraction peak intensities, lyq;, of the lamellar structure:

l
SO =2 eq. 3.6
LG
In which LG=+ is the Lorentz-geometrical factor. The polarisation factor can be
sin6-sin26

approximated to ~1 at small angles of diffraction, and therefor can be excluded from calculations.

Diffraction peak intensities and the positions of n-alkyl sulfate-glycerol phases were obtained by fitting
Pseudo-Voight functions using the Peak Analyser tool in Origin(Pro) 2020b.2 Peak splitting caused by
the Ga Ka-doublet was negligible at small angles and was not considered in the analysis. Periodic Bragg
peaks of lamellar structures were identified for each SAXS pattern and assigned to a known (or likely)

crystal phase.
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Mercury (4.0) software was used to calculate structure factors for the anhydrous SDS crystal structure
from literature data,’ in order to reconstruct and compare electron density distribution along the SDS

layer normal with the experimental data.

3.3.2.4. Modelling of Micelle SAXS Patterns at Elevated Temperatures

SAXS patterns were initially fit using core-shell variants of sphere, cylinder, and ellipsoid models for SDS
and SDS/dodecanol in glycerol/water mixtures at 60 °C. Core-shell ellipsoid was the only model that
gave good correlation to the scattering patterns up to g= 0.65 A for all samples, while exhibiting
physically realistic size or shape. Accordingly, it was used as the sole form-factor, in agreement with
previous studies of SDS.92 The core-shell ellipsoid model function (2.1.5 Modelling soft materials) was
used,* with the model code being adapted by lllavksy to work with the Irena macro,*® from the code
created by Steven Kline for the NIST model package.® For patterns of SDS in water rich solvents, the
scattered intensity at high values of g (q =1 A?) experienced an upturn due to amorphous scattering
in the wide angle region.'” Therefore SAXS patterns were fit between a range of 0.25 A< g < 0.65 A!

for all samples.

The fitting algorithm was a least squares optimisation. The SLD of the core and solvent were
determined using the Irena scattering contrast calculator, with density data obtained from literature
sources. The solvent was treated as a homogeneous volume-average in the case of glycerol and
water.'®2! The volume fraction of the scatterers was calculated by defining SDS as a constant density
(1.01 cm3).22 The scattered intensity variation observed for SDS in binary glycerol/water mixtures
meant that fitting with either a calculated or literature value for its SLD was not possible. Therefore the
shell SLD was fitted at a uniform thickness. The aspect ratio for the core was left unrestricted and was

set to an initial value of unity.

Because of the an ionic nature of the SDS surfactant, the Hayter-Penfold mean spherical approximation
structure factor was employed to account for intermicelle repulsion.?#?3 This was included using the
structure factor tool within the Modelling Il window in the Irena macro.>** The dielectric constant of
the solvent was obtained from literature.?* It was deemed that a decoupling approximation sometimes
used to account for ellipsoidal and spherical particles (charged structure factors)** would have minimal
impact on the fitted structure factor values, and was not used. This is because of the high noise at low
g, as well as the small flexible nature of the relatively small micelles in the semi-dilute concentration

regime.10%
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3.3.2.5. Characterisation of Carrageenan Scattering.

The inbuilt Irena power law fitting tool was used to determine the gradient of the low g slope relating
to fractal like scattering originating from undissolved particles or network-type structures.® In the mid
g range, the polyelectrolyte structure factor peak was fitted using a Gaussian function, using the inbuilt

modelling Il function in the Irena macro.

3.3.3. Infrared Spectroscopy

Fourier transform infrared (FT-IR) spectra were recorded between 400 and 4000cm™ with 1 cm™®
resolution on a Perkin Elmer 100 (PerkinElmer, Buckinghamshire, UK) instrument equipped with a
universal attenuated total reflection (ATR) accessory. A background spectrum was recorded for each
measurement and subtracted manually. Scans were exported using the in house software and

processed using GraphPad Prism 9.

3.3.4. Differential Scanning Calorimetry

Thermal analysis was conducted using a Discovery DS 25 (TA Instruments, New Castle, DE, USA). SDS
solutions in glycerol that had previously undergone heating and subsequent quiescent cooling, were
weighed (~50 mg) and hermetically sealed in aluminium sample pans. Each sample was then transferred
into the measurement chamber at 15 °C using the autosampler module, so as to not disrupt the crystal
phase. Samples comprising SDS and glycerol and SDS/dodecanol/glycerol mixtures were heated at 0.5
°C min to 65 °C. For SDS/NaCl/glycerol mixtures the sample was then heated at 1 °C mintup to 115
°C. Data were analysed using TRIOS software,?® where the onset of melting and the peak temperature
was measured using the Peak Integration (enthalpy) tool implementing a linear baseline. The end set

was measured using the Endset Point analysis tool.

3.3.5. Rheology

Steady-state and oscillatory measurements on SDS dissolved in glycerol and glycerol/water mixtures,
and viscosity curve measurements of iota-carrageenan in glycerol/water mixtures were conducted
using an MCR 502 rheometer equipped with a variable-temperature Peltier plate and hood (Anton Paar
GmbH, Graz, Austria), and a cone plate geometry (15 mm diameter, 4° cone angle). Samples previously

subjected to a heating and quiescent cooling cycle were loaded into the rheometer. The mixture was
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first heated up to 80 °C at 30 °C min, where the temperature was held for 5 minutes to remove thermal
history. Following this, the mixture was quenched at 30 °C min to 20 °C. The mixture was then held at
20 °C for 5 hours before measurement, with a constant oscillatory frequency and amplitude being
recorded during this time (0.1% strain, 10 rad s). A form of the Avrami equation (Equation 3.7),%” was
employed to analyse the G’ data, allowing the crystallized volume fraction to be obtained (X(t)).

¢'(t)-6'(0)
In [1 —In (1 — m)] = n(ln(t - tinit)) - ln(k) eq. 3.7

Where G'(t) isthe G" atany given time, G'(0) is the initial value of G’, and G’ (o0) is the infinite (plateau)
value for G’. Eq (3.7) can be plotted, and a linear regression performed, where the gradient is the Avrami
exponent. The lag time, t;,ir, Was determined as a deviation of G’ from the initial linear trajectory,
whereas G'(o) was determined as the highest observed value of G’. Due to varying stages of
crystallization (e.g. a plateau region where the majority of surfactant in the liquid phase is depleted),
deviation from power law behaviour was observed at the extremities of the Avrami plot and such data

were not included in the linear regression.

For steady shear measurements of SDS (2 Wt. %) in glycerol/water mixtures, viscosity curves were
recorded after in situ cooling: 50 measurements were recorded at shear rates ranging from 0.05 s to
500 s, with intervals increasing in a logarithmic fashion. For steady shear measurements of
carrageenan in glycerol/water mixtures, 30 measurements recorded at shear rates ranging from 0.01
s1to 500 s, with intervals increasing in a logarithmic fashion. The interval time was determined by the
rheometer software to mitigate time-dependent structure breakdown, and hence record equilibrium
viscosity where possible. In the case of successive viscosity curves, the samples were initially formed in

situ, with no disturbance to the rheometer or sample in between measurements.

Amplitude sweep measurements for SDS (2 Wt.%) in glycerol (oscillatory mode) were recorded
following in situ cooling, with 30 data points recorded at strains ranging from 0.01 % to 500 % (at 10
rad s1), with intervals increasing in a logarithmic fashion. A 20 second time interval between points was
used, as oscillatory measurements cause less morphology damage than steady shear measurements.
Frequency sweeps (SDS in glycerol) were conducted following in situ cooling, with 30 data points being
recorded at a frequency range of 0.01 rad sto 100 rad s (at 0.1 % strain), using a 30 second time
interval between points. Frequency sweeps for carrageenan in glycerol/water mixtures was conducted
on an Anton Paar DSR301 with ASC using a vane geometry (40 mm length 22 mm diameter, 27 mm
sample holder diameter). In each case 30 data points were recorded from 100 rad s*to 0.1 rad s (at

1 % strain) with a time interval of 10 seconds.
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Creep-recovery measurements were conducted following in situ cooling of SDS (2 Wt.%) in glycerol.
Firstly, a constant stress of 5 Pa was applied for 300 seconds, and measurements recorded with
intervals increasing from 0.01 to 25 seconds in a logarithmic fashion. Recovery was subsequently
measured by determination of steady-state conditions, which were determined automatically with a

steady-state threshold range of 10%.

SIPLI rheology measurement were conducted on an Anton Paar 301 instrument, equipped with a
mechano-optical (SIPLI) attachment, variable-temperature Peltier plate and Peltier hood. A plate-plate
geometry was geometry consisting of a 25 mm polished steel (top) plate and a glass bottom base plate.
The sample gap was set to 1 mm to allow the observation of birefringence. The sample was illuminated
using an Edmund Optics 150 W MI-150 fibre optic white light (high intensity) source. Polariser and
analyser were positioned at 90°, and images were recorded using a Lumenera Lul65c colour CCD
camera. The samples of SDS (2 Wt.%) in glycerol were initially loaded into the rheometer, before being
heated for 10 minutes at 60 °C, and subsequently cooled for 150 minutes at 20 °C. Completion of
crystallization was confirmed by the plateau of G’ values from fixed amplitude and frequency oscillatory
measurements during cooling. Birefringence images were recorded before, during and immediately

after an application of constant steady shear (100 s for 2000 seconds).
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4. Binary Mixtures of Anionic Surfactants in Polyols

4.1. Introduction

Sodium dodecyl sulfate (SDS, Figure 4.1a) is a ubiquitous molecule within the personal care industry.?
It is considered to be an anionic ideal model surfactant due to its physical properties. The monodisperse
alkyl tail, combined with an electron rich, polar head group facilitates its structural determination using
x-ray scattering.>® Depending on end usage, SDS is most commonly found in consumer goods at semi-
dilute concentrations above the CMC, or higher in dilutable formulations such as washing up

t 7,8

detergen Glycerol (Figure 4.1b) is also widespread as it provides cost-effective humectancy,® and

can increase the stability of foam as a viscosifier.’® Hence both glycerol and SDS are often

complementary ingredients in fast moving consumer goods (FMCGs) such as toothpastes and hair.*%?

a o b
A\
/\/\/\/\/\/\O/S\\o Na

HO OH

OH

Figure 4.1: Chemical structure of a) sodium dodecy! sulfate b) glycerol.

There is a body of work detailing SDS behaviour in glycerol-water mixtures, including critical micelle
concentration (CMC) determination, Krafft temperature, and thermodynamic parameters. %7 As
glycerol concentration is increased in the agueous glycerol mixtures, the polarity of the solvent
decreases,*® reducing the degree of solvation for the charged head groups and increasing the CMC and
Krafft temperature.’” While some authors have described hydrated crystals forming in glycerol/water
solutions,”*® there was little work detailing the crystallization of SDS in glycerol at room temperature
when this project was conceived. After most of the work was complete, an article by Matthews et al.
detailing similar mixtures of SDS in glycerol was published.* Discussion of results in the context of this

publication are included at the end of this chapter.

To understand the behaviour of analogous systems of SDS and glycerol, the underlying interactions that
determine co-assembly require examination. Controlling molecular shape and H-bonding moieties are
common methods for designing and improving supramolecular-based gels. Can this be achieved with
other commonly available components? By exploring the solvent type, tail, and headgroup, in
structurally similar analogues to the SDS and glycerol pair, it is possible to determine the structure

property relationships which governs the self-assembly process.
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4.2. Results and Discussion: SDS-Glycerol Binary Mixtures

4.2.1. Visual and Microscopical Observations of the SDS-glycerol Gel Phase
SDS is insoluble in glycerol at room temperature. When SDS in glycerol is heated above the Krafft

7 and subsequently cooled quiescently for a minimum of 5 hours, a homogeneous

temperature,?
translucent suspension is formed, similar to the phase shown by Abdel-Rahem’s studies.® Above 2 Wt.
% a freestanding gel formed (Figure 4.2b), and similar behaviour is observed in samples tested up to 16
Wt. %. Samples at or above 30 Wt. % did not exhibit gelling behaviour when cooled but instead formed
a viscous slurry (Appendix 8.1). Concentration ranges typical for industrial formulations were chosen as
the primary focus of the study, especially 2 Wt. % SDS due to the high degree of structuring (Figure

4.2b) at low concentrations.

Figure 4.2: a) 0.8 Wt.% (6) and 1 Wt.% (7) SDS in glycerol cooled quiescently. b) Freestanding gel formed of 2 Wt.%
SDS in glycerol cooled quiescently .

When gelled mixtures were studied by polarised optical microscopy (POM); large birefringent, twisted
ribbons/fibres were observed (Figure 4.3). Birefringence is often indicative of structural order, e.g.
crystals or liquid crystals. Furthermore, samples at higher concentrations (Figures 3b and 3c) also
contain ribbons, albeit at shorter length scales due to greater nucleation resulting from higher degrees
of supersaturation.?® It is evident the ribbon species form an entangled network which causes
gelation.? For all samples, length and diameter of the fibres/ribbons were polydisperse, with lengths
above 500 um at low concentrations. The polydisperse nature of these fibres contrasts with nanosized
supramolecular assemblies which typically form smaller, more uniform assemblies.?>?*> However, the
material does look similar to certain supramolecular assemblies e.g. SaFiNs. Nevertheless, this may be

an effect of temperature, causing similar sized crystal aggregate growth. %
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Figure 4.3: Polarised optical microscopy images of SDS in glycerol, subjected to heating at 75°C before being cooled
quiescently overnight, at a) 2 Wt. % SDS, b) 8 Wt. % SDS, c¢) 16 Wt. % SDS. Direction of polariser and analyser
indicated by P and A, respectively.

25-27

Fibres observed using POM (Figure 4.3), exhibit morphologies similar to coagels, which are hydrated
surfactant crystals or semi-crystalline aggregates.?® The characteristic twist of the fibres can be
attributed to one or two possibilities. Firstly, chirality can cause asymmetric packing to occur, and the
crystal aggregates can propagate to form structures with periodic twists.?’ However, this seems unlikely
as SDS is achiral and glycerol is prochiral, and the structure appears to form irregular twists (Figure
4.3a). Alternatively, is that during the fibre formation, SDS molecules organise into bilayer motifs. The
stacks of bilayers subsequently experience stress during growth, causing unbalanced growth and
subsequent twisting of the crystal aggregate.®® This behaviour is commonly observed in the
crystallization of achiral polymers.*® To better understand the structure of the SDS molecules, small
angle, and wide angle x-ray scattering (SAXS/WAXS) was performed on the SDS/glycerol solutions,

following heating and quiescent cooling (thermal cycle). Characterisation of the phase initially focused

on 2 Wt. % solutions. Subsequent studies were undertaken at higher concentrations.
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4.2.2. Small and Wide Angle X-Ray Scattering Measurements for Structural Determination
and Formation Kinetics

SAXS analysis of a representative 2 Wt.% solution of SDS in glycerol following a thermal cycle result in
a series of four unique, prominent Bragg peaks with their position corresponding to integer ordering
(Figure 4.4b). The peak ordering is indicative of a lamellar symmetry, found in all other SDS crystal

3132 \where SDS is arranged in bilayers along the primary axis. The 4" order reflection was not

types,
prominent, compared to 1%, 2", 3™ and 5™ peak orders. The first order peak showed a spacing of 55.4
A, which is 15.5 A larger than the literature value of anhydrous SDS,** and 16.8 A larger than
experimental results from SDS powder measured in this study (Figure 4.4a). SAXS was performed on
SDS/glycerol mixtures up to 30 Wt.% SDS (Appendix 8.2), with the new lamellar phase present as the
predominant species up to 16 Wt.%. Moreover, the bilayer spacing did not vary as the concentration
of SDS changed, indicating a more fixed (stoichiometric) structure than species such as fluid bilayers.343°
From 30 Wt.% SDS, anhydrous crystals predominate with no evidence of the new lamellar structure.
For 10 Wt.% and 16 Wt.% SDS mixtures, anhydrous crystals are present, but with low peak intensity

equating to ~1% abundance (Appendix 8.2). This may be due to crystallization conditions, or presence

of small quantities of impurities such as water or synthetic precursors of SDS or glycerol.
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Figure 4.4: Background corrected 1D SAXS pattern of a) anhydrous SDS powder b) gelled 2 Wt.% SDS in glycerol
mixture. 00le and 00la are Miller indices used to denote lamellar peaks of the respective phases (anhydrous SDS
and gelled SDS in glycerol phase).
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A larger doo1 spacing suggests a significant change in the packing or structure of the crystal, as in the
case of hydrated and anhydrous crystals of SDS.332 One hypothesis is that a change in spacing is solely
due to altered molecular tilt. However, the magnitude of the dgo; spacing between anhydrous SDS and
the SDS glycerol crystal phase is distinctly different. Considering the packing of anhydrous SDS, with 15
° and a 2 A intermolecular spacing between chain,?® the maximum length of an SDS bilayer at zero tilt
is ~43 A, which is much smaller than that observed for SDS-glycerol phase. Therefore, the change in
doo1-spacing cannot be only due to tilt. When considering the evidence within the literature for solvate
crystals and co-crystals, 3337 it is possible that glycerol is incorporated within the crystal structure

about the SDS headgroup, causing the (deo:) bilayer spacing to increase.

Time-resolved SAXS measurements during isothermal crystallization of a SDS (2 Wt.%) solution in
glycerol were undertaken at both 20 °C and 0 °C to determine whether the crystals were a result of an
initial unstable phase transformation, or the primary nucleation of a new phase.3® Polymorph
transformation was a distinct possibility and this is exhibited by molecules with crystallizable alkyl
chains, e.g. fats and fat mixtures.?® By exploring two temperatures, an indication for the kinetic
favourability of the phase can be observed, much like with SDS hydrate crystal formation in agueous
solution.!? The development of the crystal structure was observed by measuring Bragg peak data from
the background-corrected SAXS patterns over time (Figures 4.5a and 4.5b). As crystallization occurs
through a primary pathway and not polymorphic interconversion, the first order peak was fit with a
Gaussian function, normalized to the maximum intensity (equating to the volume fraction of the

crystal®®) and plotted against time (Figure 4.5c).
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Figure 4.5: Time-resolved background-corrected SAXS patterns recorded for 2 Wt.% SDS in glycerol quenched at
30 °C mint from 60 °C to a) 20 °C and b) 0 °C and held isothermally for 160 minutes where 00ls are Miller indices
used to denote lamellar peaks of the SDS-glycerol phase. c) Plot measuring relative intensity of the first order 0016
peak during isothermal cooling, with fitted Avrami equation. Output model parameters are shown in Table 4.1.

The four characteristic peaks were the only ones observed at both cooling temperatures (Figures 4.5a
and 4.5b). The highest intensity peak, 001, was evident after 72 minutes at 20 °C, which was reduced
to 59 minutes at 0 °C. For both samples, a period of growth was seen over the following 40 minutes as
shown by an increase in intensity of the Bragg peaks. In the middle of g region, at around 0.1-0.2 A
the initial enhanced intensity can be attributed to micelle scattering.>**™*3 This shortly disappears
following the appearance of the peaks. With no evidence of other phases (Figures 4.5a and 4.5b), it can
be concluded that direct formation of the new phase from a micellar solution is the dominant pathway.
Both samples exhibited faster rates of crystallization than initial visual observation in vials. This is
attributed to factors such as surface area, heat transfer and the presence of an x-ray beam, which may
have increased nucleation events.** Intensity of the Bragg peaks is directly proportional to the volume
fraction of species present, therefore kinetic behaviour can be established by comparing integrated
peak intensity over time (Figure 4.5c). Phase changes, including crystallization formation have been

4547 enabling the

studied using the Kolmogorov-Johnson-Mehl-Avrami (Avrami) equation,
determination of growth type in terms of dimensionality and spontaneity. It is not the only growth
equation that has been successfully used for modelling crystallization. For example, the Malkin

crystallization equation may be suitable for polymers.®® In the case of fats, modified Gompertz and
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Foubert models have been used.*°° However, the Avrami equation has been used to characterise fibre-
type low molecular weight gelators,®® fats,>**® and even SDS crystals.?? Given its theoretical
underpinning (as opposed to purely empirical models), it was deemed that the Avrami equation would

be the most appropriate for this analysis.

A linearized derivative of the Avrami equation is often attempted for ease of modelling and has been
Previously used for SAXS data analys.>**> However, it was decided that non-linear modelling should be
used to gather as much information as possible about the crystallization process. Considering this, the

output parameters can be observed (Table 1).

Table 4.1: Output parameters for Avrami fit of normalised diffraction peak intensity over time for 2 Wt. % SDS
isothermally cooled at two temperatures, showing Avrami constant (K), lag time (tinit) and Avrami exponent (n).

Equation parameter 0°C 20°C
K 7.00x10° 6.54x10

tinie [min.] 49.2 72.0

n [dimensionless] 2.44 1.59

SDS generally forms 2D platelets and 1D needles, respectively. This means that unless spherulitic
growth occurs, the Avrami constant (n) could be 1-3. For the SDS crystals formed in glycerol, the Avrami
exponent value at 20 °C was 1.59 (Table 1), which is closest to rod- like growth with sporadic nucleation
(n=2).%¢ While integer ordering is expected, non-integer values can arise from multiple sources,
although ‘consecutive growth of different crystalline units’ can be discounted due to the isotropic 2D
pattern of a single crystal phase.>® One suggestion is that crystallization occurs through a mixed pathway
of both instantaneous and sporadic nucleation. However, this is unlikely as the high lag time and slow
growth would indicate that spontaneous growth is unlikely. Instead, either heterogeneous
crystallization occurs due to high surface area to volume ratio, or there is secondary nucleation e.g.
leading to branching.®’ Branching appeared to be minimal in the quiescently cooled microscopy images
(Figure 4.3), although the twisting of the ribbon may also affect growth kinetics. Nevertheless, the

Avrami exponent (when rounded) is consistent with the expected behaviour and crystal morphology.

At 0 °C, the Avrami exponent increases to 2.4, which still can be rounded to 2. This would appear to

suggest that 2D or 3D growth occurs if there is primary homogenous nucleation.>® However, the same
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crystalline microstructure forms when quenched to 20 °C, although this does not discount a change in
crystal habit. An increase in heterogenous nucleation seems likely, although secondary nucleation and
tip branching should not be discounted.®® In summary, the experimental results indicate a high kinetic
barrier for the formation of the SDS-crystal phase, due to the long initial lag time (tinit), followed by rod-

like nucleation (similar to both LMWGs and crystals).>®¢°

WAXS was performed on 2-8 Wt. % SDS solutions in glycerol to determine the nature of the lamellar
structure, as well as any inherent crystallinity without the presence of other crystal types (e.g.
anhydrous SDS) observed at higher concentrations. However, this resulted in minimal additional
structural information due to presence of amorphous scattering from glycerol, even after
centrifugation. Therefore, to obtain better quality structural information, a higher concentration of SDS
in glycerol (8 Wt.%) was studied using simultaneous SAXS and WAXS (SWAXS), to provide a higher signal
to noise ratio in corresponding scattering patterns. The resulting patterns after background subtraction,
indicated a high degree of order, with at least ten identifiable diffraction orders present in the 00/ plane
(Figure 4.6). Furthermore, a significant number of additional Bragg peaks most likely corresponding to

other (non-lamellar) crystallographic planes indicate the crystalline nature of the SDS-glycerol phase.
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Figure 4.6: Background-corrected 1D SWAXS pattern with Left) SAXS component and Right) WAXS component,
with inset showing characteristic short spacings, of 8 Wt.% SDS in glycerol cooled quiescently from 75 °C. 00Is are
Miller indices used to denote lamellar peaks of the SDS-glycerol phase. Both scattering patterns were captured
using a Xenocs Xeuss 2.0 instrument, with the SAXS pattern recorded with a Pilatus 1M pixel detector, as well as
WAXS recorded using a Pilatus 100K pixel detector located within the sample chamber.

The additional peaks can be identified in the WAXS pattern (Figure 4.6), specifically between g =1.3-1.7
A (Figure 4.6 inset). These characteristic ‘short spacings’ peaks could be related to the sub-cell formed

as a result of n-alkyl chain packing.®! Although not indicative of the unit cell geometry, detection of the
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characteristic WAXS peaks enables estimation of packing geometries, and has been used for fat
crystals®? as well as SaFiNs.®® When alkyl chains are packed parallel to the bilayer normal (Figure 4.7a),

6466 which produces a single 100 peak at

a hexagonal structural motif called a ‘rotator phase’ occurs,
~4.1 A1 However, if there is directional ordering about the zigzag plane, an orthorhombic sub cell
occurs (Figure 4.7b), which typically forms two peaks at ~ 4.2 A*and ~ 3.7 A (indexed as 110 and 200,
respectively) for n-alkanes such as polyethylene. If there is additional tilt against the layer normal
(Figure 4.7¢), the terminal methyl groups in the space between chains cause a series of peaks to form,
suggesting a monoclinic or triclinic subcell.®* In Figure 4.6, four peaks are observed, with the latter two
are overlapping as a result of scan resolution and proximity. The number of peaks therefore suggests

that the sub cell of the SDS glycerol crystal phase is of low symmetry corresponding to triclinic or

monoclinic syngony.
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Figure 4.7: Idealised potential subcell geometries for SDS packing, modified from the most common polymorphs
of triacyl glycerol (TAG) crystals with view along (top) and perpendicular (bottom) to the packing layer normal. a)
hexagonal (rotator phase) structure, b) orthorhombic structure, c) triclinic (and monoclinic) structure.

Considering the characteristic WAXS scattering, it is likely that the n-alkyl chains present in the SDS-
glycerol crystal phase are tilted with respect to the layer normal (Figure 4.7c). It is also reasonable to
expect that some of the peaks could be associated with the glycerol packing. However, in order to
confirm the geometry of the SDS molecule packing, including the sub cell geometry, more details must

be elucidated from the scattering data.
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4.2.3. Electron Density Profiles Constructed from Scattering data for Structural Analysis Along
the Layer Normal

As the new SDS-glycerol structure is lamellar in nature, it is possible to estimate packing along the long
axis or layer normal using an inverse Fourier transformation.®”®® This method is versatile and has been
applied to both crystalline materials such as triacylglycerols, and non-crystalline materials such as fluid
lipid bilayers.6¥%*71 Using a Fourier series allows the characterisation of structure factor amplitudes
from experimental diffraction peak intensities which, in turn, enables calculation of electron density
along the layer normal. This allows the packing of atoms to be estimated, as well as confirming presence
of interlamellar species such as water.”? For molecules such as SDS, electron density varies along the
molecule, with the alkyl chain consisting of lower electron density (lighter atoms) than the sulfate head
group (heavier atoms). Subsequently, positions of high and low electron density along a bilayer can be
ascribed to the position of certain atoms. Furthermore, as glycerol has an intermediate electron
density, its position can be verified, as well as estimation of its stoichiometry with respect to SDS. As
the electron density profile is dependent on scattered peak location and intensity in the diffraction

pattern, the resolution depends on how many reflections are observed and subsequently included.

To determine an electron density profile, the phase sign coefficient m(l) for a particular Miller index
must be defined for the Fourier terms, where m(l) is + 1 (Section 3.3.2.3, Equation 3.5). When there are
n reflections used to construct the electron density profile, there are 2"variants that require assignment
. The ‘phase problem’ that arises from multiple reflections is often overcome by referring to analogous
systems, or by systematically altering the bilayer spacing e.g. the swelling method used for
characterising lipid bilayers.3* Although electron density profiles (EDPs) of SDS in various mixed systems
are available,”>” there is no record of EDPs for SDS crystal phases. For this system, the phase problem
was overcome through a combination of complimentary methods. Firstly, analysis of the resulting
electron density profile is compared to EDPs for the known anhydrous crystalline phase of SDS.3
However, to mitigate discrepancies relating to experimental factors (i.e. crystal defects, data collection
and processing), a comparison between EDPs created from experimental SAXS data and simulated
scattering data using known atomic positions was performed for anhydrous SDS (Appendices 8.3, 8.4
and 8.5).% Given the relative resolution of the electron density profile, five orders of reflection were

decided as the optimal number which gave a manageable number of variants (n=5, 2° = 32).

Identifying the correct EDP for anhydrous SDS, provided an estimation of electron density throughout
the bilayer. Two methods were employed (Figure 4.8); firstly simplistic location of scattering length
density® as a proxy for electron density, consisting of a head and tail region, located through atomic

positions from crystallographic data (Figure 4.8a).* Secondly, following work by Aray et al.,* bond
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electron densities calculated through computational methods utilising ‘Quantum Theory of Atoms in
Molecules” (QTAIM)’, were plotted at midpoints of the corresponding atoms to give an alternative,
higher resolution picture of electron density throughout the bilayer. Unfortunately, the geometrical
information of the optimised structure was not given, and hence atomic positions were obtained from
the aforementioned crystallographic data.® This compromise is adequate due to the low probability

for significant deviation of atomic positions in the bilayer.
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Figure 4.8: a) Packing of anhydrous crystalline SDS along the layer normal (n) created using Mercury
crystallographic software.”® b) Schematic representation of electron density distribution along the bilayer normal
(n), using two regions of electron density (using scattering length density as a proxy), and bond electron densities
calculated from QTAIM.?® ¢) Projection of electron density along the layer normal, reproduced from structure
factors calculated from single crystal data of anhydrous sodium dodecyl! sulfate. d) Projection of electron density
along the layer normal, calculated from experimental SAXS data of anhydrous crystalline SDS (Figure 4.4). Set of
signs shown as +/- 1 for each EDP represents the Fourier term phase sign [m(l)] coefficients for the four structure
factor amplitudes observed in the SAXS pattern.
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Determination of the correct phase for anhydrous SDS is possible (Figures 8C and 8D) despite multiple
similar EDPs (Appendices 8.3 and 8.5). In both cases, a region of lower electron density is observed in
the centre, with the outermost two peaks indicating the presence of the head group. Both experimental
and simulated data show similar profiles in this respect, with similar relative head and tail intensities.
The simulated pattern provides a slightly more precise profile, with a dip in electron density at the outer
edge of the head group. Such a phenomenon can be interpreted through bond electron density in
Figure 4.8B, with the outermost Na-O region experiencing the lowest electron density.?® The small
reduction in intensity is not seen in Figure 4.8D, with a plateau being observed instead. It is expected
that growth of an equilibrated single crystal with a small number of defects and imperfections would
increase similarity between EDPs. However, it is reassuring to observe similar experimental results to

the simulated pattern, allowing comparison with other crystal phases.

Identification of head and tail motifs expressed in anhydrous crystals allows for the development of a
structural model, which can be used in turn to describe the SDS-glycerol crystal phase. Phases with
analogous structural motifs containing a head and tail were identified (Figure 4.9a) for EDPs of the SDS-
glycerol crystal phase, constructed from peak intensities measured from the scattering pattern of 8
W1t.% SDS in glycerol (following heating and cooling) (Appendices 8.6 and 8.7). Like the electron density
profile of anhydrous SDS powder, the chosen SDS-glycerol EDPs contained two maxima representing
the head groups, separated by an identical region of lower electron density. However, unlike the
anhydrous electron density profile, a new region of electron density can be identified outside of the
SDS bilayer. It is hypothesised that this region contains glycerol, which is incorporated within the overall
crystal structure. An additional difference to the anhydrous electron density profiles is the atoms which
are represented in the head group maxima. In the anhydrous crystals, the halfwidth of the peak (with
plateau or subsequent decrease) represents a single head group. Comparing this result with the peak
width observed for the SDS-glycerol phase is likely to suggest that the most pronounced peaks
represent a single SDS head group. This is due to positioning of the head groups across the bilayer,
whereby anhydrous crystals exhibit head to head stacking. This is unlikely in the SDS-glycerol crystal
phase as the glycerol acts as a spacer between the adjacent bilayers. Nevertheless, the similarity of
head group peaks allows for comparison, with the caveat of resolution that occurs when limited Fourier
terms (relating to peaks in the experimental SAXS pattern) are used to construct electron density
profiles. Another difference between anhydrous SDS and the SDS-glycerol phase, is the observance of

a single well-defined electron density profile for anhydrous SDS. In contrast, four possible variants are
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identified for the SDS-glycerol phase (constructed from 5 orders of reflections), which differ marginally

in their spacing.
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Figure 4.9. A) Most suitable projections of electron density profiles along the bilayer normal (n), constructed from
experimental SAXS lamellar peaks of the SDS-glycerol phase. Set of numbers in the EDP corresponds to m(l)
coefficients representing the Fourier term phase signs for the four structure factor amplitudes observed in the SAXS
pattern. B) Schematic of the electron density distribution relating to the position of the constituents [head group
(red) and hydrocarbon tail (grey) and glycerol (orange)] along the SDS-glycerol layer normal. C) Packing of SDS
(coloured by red and grey) and glycerol (yellow) molecules along the layer normal. The orientation and
conformation of glycerol is not determinable with the set of data, and therefore has been represented as a range
of conformations in which glycerol may lie.

Chain tilt relative to the primary axis can be estimated through inspection of the EDP for the SDS-
glycerol crystal phase. Like the anhydrous EDP pattern for SDS (Figures 4.8C and 4.8D), the maxima
within the SDS-glycerol profiles corresponds to the centre of the head group where sulfur is present.
However, as the precise phase cannot be directly determined from the four variants, a range of head

to head distances are observed from 33.0-33.8 A. Considering the distance between sulfur and the
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terminal hydrogen (17.5 A), as well as an in-plane distance between opposing terminal hydrogens in
the bilayer; a ‘zero degree tilt’ head to head distance is estimated as 35.6 A. Estimation of the head-to-
head distance for the (simulated) anhydrous SDS electron density profile (Figure 4.8c) returns a tilt of
17°, an overestimation of 2° compared to literature data.> The overestimation of ~10% reveals one of
the primary sources of error in this method: the discounting of tilt in the non-primary axis. However, if
the magnitude of additional tilt is negligible, as for most SDS molecules,® 3 then the tilt of the SDS-
glycerol phase is estimated to be 18-22°. Furthermore, short spacing information from WAXS (Figure
4.6), suggests a triclinic (or monoclinic) sub cell, implying tilted alkyl chains.®! The only means of
reducing uncertainty for the estimate tilt is single crystal diffraction, which is beyond scope of this work.

However, given the potential for large fibres to be formed, it is likely this can be achieved in the future.

Surprisingly, the electron density found in the outer layer containing glycerol is less than that expected
for all potential phases when atomic composition and electron density of the molecules are considered.
As glycerol contains carbon, hydrogen, and oxygen, its electron density is expected at equimolar ratio
to be higher than that of the SDS tail group (containing just carbon and hydrogen) and also lower than
the SDS head group (containing sulfur and oxygen). However, for all potential electron density profiles,
the apparent electron density of glycerol within the EDP is either lower or equal to the alkyl chain.
Therefore, it is likely that glycerol exists within the crystal at less than equimolar stoichiometry, in an
approximate 1:2 molar ratio with respect to SDS. The limited resolution of the profile and assumption
that molecular tilt in a non-primary axis is negligible account for the observed electron density of the
glycerol region. Furthermore, orientation of glycerol is ambiguous from the electron density profile
information alone. When considering the sublayer depth, glycerol should span the majority of the
distance by existing parallel to the layer normal, otherwise larger minima in electron density would be
observed. Single crystal diffraction data would also confirm the stoichiometry and orientation of

glycerol.

4.2.4. Infrared Spectroscopy Measurements for the Determination of Order within the
Glycerol Sublayer

The high degree of order indicated by multiple Bragg reflections in the SWAXS indicates that SDS is
highly crystalline within the SDS-glycerol phase. Furthermore, POM indicates discrete, polydisperse
crystalline-like fibres. However, the degree of crystallinity for the interlamellar glycerol cannot be
confirmed from the SWAXS or microscopy experiments alone. To achieve further information about
glycerol crystallinity, infrared spectroscopy can be used to examine the molecular environment (and

hence crystallization). Infrared spectroscopy studies were attempted on a 16 Wt.% solution of SDS in
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glycerol in order to determine any structural changes compared to the anhydrous crystal and pure
glycerol. The composition of this mixture contained more than 99 Wt.% SDS-glycerol crystal phase
(Appendix 8.2), with a small amount of anhydrous crystal phase that minimally impacts the spectra. The
increased signal resulting from a high SDS-glycerol phase concentration should enable clear

identification of peak shifts.
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Figure 4.10: Infrared spectra (offset to allow comparison) of (top) SDS Powder, (middle) background subtracted
SDS-glycerol crystal phase) and (bottom) liquid glycerol. v-OH vibrations of glycerol observed above 3000 cm™
indicate hydrogen bonding and additional order in the SDS-glycerol crystal phase compared to liquid glycerol. CH
bending vibration of glycerol indicated between 1325-1425 cm™ for SDS-glycerol are shifted relative to that for
liquid glycerol.

By subtracting the scattering from liquid glycerol from the SDS containing mixture (Appendix 8.8), it
was possible to obtain the infrared spectrum for solely the SDS-glycerol phase (Figure 4.10). When
identifying peaks in the resulting spectrum, most prominent peaks originating from SDS within the SDS-
glycerol phase had similar wavenumbers and relative intensities to those of anhydrous SDS phase,
suggesting a similar structural arrangement of the SDS molecules. However, the emergence of new
bands at higher wavenumbers, greater than the peak centre of amorphous glycerol, indicates the
presence of H-bonding.”” This indicates the possibility for bound or structured (as opposed to
disordered) glycerol within the crystal, much like with bound water in hydrated SDS crystals.”
(Poly)crystalline glycerol exhibits two predominant bands representing five v-OH vibrational modes at

low temperatures (77 K). The temperature difference may account for the polycrystalline glycerol bands
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existing at ~100 cm™ lower than the experimental results shown in this work.” However, the similarity
between literature and experimental data is not a coincidence and is further evidence for the order and

crystallinity of the SDS-glycerol system.

4.2.5. Differential Scanning Calorimetry Measurements for Determination of Krafft
Temperature

A large induction time for the formation of the SDS-glycerol phase was observed. Hence it was difficult
to measure crystallization and Krafft temperatures, even at 0.1 °C min. Therefore, a method previously
established for the determination of Krafft temperature in coagels was employed. 2>%® The Krafft point
of SDS in glycerol has already been measured.'” However, as micellar solubility varies with temperature,
this work predominantly focuses on the Krafft temperature (Kr or critical micelle temperature, CMT)
for industrially relevant concentrations. A baseline of pure glycerol was subtracted from samples to
negate for any thermal behaviour of bulk glycerol. In general, peaks were broad and relatively easy to
identify (Appendix 8.9). All samples were identified as pure SDS-glycerol by SAXS, except for 16 Wt.%
SDS in glycerol, which contained small amounts of anhydrous crystal. It is expected that this would have
a minor impact on the melting point, but it may cause a slightly lower expected endset temperature
(Figure 4.11). Furthermore, the baseline of the resulting DSC curves after the melting point differed
between samples (Appendix 8.9), although this is likely to have a minor effect on the endset

temperature determination.®
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Figure 4.11: Phase diagram of SDS in glycerol either at or below 16 Wt.% SDS, as determined by melting profiles
obtained using DSC, where red data points represent onset of melting peaks, blue data points represent endset of
peaks, and the range between the points represent the melting range. Dotted lines indicate an exponential plateau
fit to visualise the dependence of solubility on temperature. DSC melting profiles are shown in Appendix 8.9.

The Krafft temperature remained relatively constant above 3 Wt. % with a range of 41-46 °C between
onset and endset. This is above the reported Krafft point but this is expected due to the higher
concentration.?#8 However, the weak signal for the 1 Wt.% sample has a less defined onset and
therefore must be considered with caution. Overall, the data show that despite a Krafft point close to
room temperature, the SDS-glycerol phase exists at 10-15 °C above the room temperature for

industrially relevant concentrations.’

4.2.6. Rheological Characterisation of Physical Properties and Formation

Characterisation of physical properties for the SDS-glycerol crystal phase is essential for understanding
its potential industrial implications. It is expected that the rheological profile is akin to that for coagels
and LMWGs, but also shares similarities with crystalline suspensions, where aggregates can
irrecoverably break under shear.®%8 nitially, high variability was experienced for viscosity curves of SDS
in glycerol which was partially attributed to shear-induced breakup prior to the measurements (i.e.
sample loading to the rheometer). Two possible methods were available to counteract this artifact: an

initial pre-shear stage, or in situ formation of the crystalline gel phase from the micellar solution. The
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latter was chosen as it allowed characterisation of low shear behaviour, which is relevant to real world
applications, i.e. expulsion of a cream or paste from a tube. Cooling in situ also allowed for control over
cooling temperature, giving useful insight into process variability. Before measurements were
undertaken, the mixtures were subjected to small amplitude oscillatory strain (10 rad s, 0.1% strain)
during cooling, to examine the formation of the phase in a rheological context.®* The storage modulus

(G’) data was then used to measure Avrami kinetic behaviour at different temperatures (Figures 4.12a-

12c¢), enabling comparison with the SAXS data (Figure 4.5).24°%°88>
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Figure 4.12: Linearised Avrami kinetic graphs measuring isothermal crystallization of 2 Wt.% SDS in glycerol at
temperatures of top left) 0 °C, top right) 10 °C, bottom left) 20 °C. Insets shows oscillatory rheology measurements
(0.1% strain amplitude at 10 rad s angular frequency) measuring G’ over time. Bottom right) Avrami exponent vs
temperature with linear regression for rheological measurements of isothermal cooling. SAXS Avrami data are
included for comparison. Blue and red data points show two separate recorded instances using the same variables
(repeats), with both values of Avrami exponent included in bottom right graph.

A lag time was observed, mirroring SAXS data, although this varied widely from 100 to 6500 seconds
(Figure 4.12, inserts). Repeats of structure development yielded similar behaviour for 0 °C, although
this slightly differed for 20 °C. It is thought that the change in sample temperature may be

inhomogeneous, arising from thermal equilibration of the rheometer heating/cooling elements.® As
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direct observance of the phase abundance was not possible, linearisation of the Avrami kinetic equation
was used.”® The lag time and infinite viscosity were determined, with the former obtained by observing
deviation from the initial trajectory, and the latter calculated from the highest G’ value. All cooling
measurements yielded a linear region for the Avrami plots, with deviation at either extreme. In most
cases, this represents a plateau region being reached, whereby the majority of the surfactant is
crystallized, and hence a reduction in the Avrami exponent is observed. However, one experiment
conducted at 20 °C shows a positive deviation, potentially arising from imprecision in the linearisation

method, notably G’ (o).

For all samples, an Avrami exponent between 1.5 and 2 was observed, with lower values at higher
temperatures (Figure 4.12d). This agrees with the SAXS data, where an exponent between 1.6 and 2.4
was observed for 20 °C and 0 °C, respectively (Table 1). It is thought that the higher exponent at 0 °C
indicated by SAXS, may be due to the greater surface area to volume ratio using a capillary as a sample
holder, which allows for more efficient thermal transfer. However, factors such as geometry, wall
material, presence of bubbles may cause the inherent variability in both Avrami exponent (n) and tin.
Nevertheless, the growth trends are clear and are coherent between the two different methods, which
both indicate either increased branching or increase in dimensionality, with the latter potentially

representing a transition from single needles to spherulites

Viscosity measurements of 2 Wt.% suspensions of SDS in glycerol were then performed (Figure 4.13).
This was initially conducted using steady-state measurements to discern flow and yielding behaviour
compared to toothpaste and common toothpaste structurants, with oscillatory measurements being
performed later.87% For the most part, the mixtures measured between 0 °C and 20 °C followed well-
defined, shear-thinning behaviour. However, at low shear rates, a highly shear-thinning region is
experienced instead of a plateau. Hence the data were treated as two separate regions (with the
boundary indicated in Figure 4.13) and the data obtained above 0.35 s were modelled using the Cross
relationship.’® Comparing model parameters, there was minimal difference in the degree of shear-
thinning, infinite shear viscosity, or critical shear boundary between the different cooling temperatures.
Despite similar viscosities throughout the range of shear rates, within the low shear region, sample
cooled at 20 °C exhibited higher viscosities below 0.35 s, which is most likely the result of larger
crystals. This trend is not observed above the initial shear-thinning region, but at the lowest shear rates

used as well as fitted no measurements.
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Figure 4.13: a) Steady-state viscosity curve of 2 Wt.% SDS in glycerol, recorded at 20 °C, measured after the
quenching from 80 °C to 20 °C at 30 °C min’, followed by isothermal cooling at 20 °C for 5 hours. Two distinct
regions can be observed: a low-shear-thinning region (y< 0.35 s) with power law type scaling, indicated by the
dotted line, caused by the network structure formed from the crystal suspension. A higher shear rate region, which
exhibits more traditional ‘Cross-like” behaviour. b) Cross model output parameters for zero shear (ne) and infinite
shear (nin) viscosity. C) Cross model output parameters for degree of shear-thinning and shear-thinning boundary

(1/C).

The shear-thinning behaviour of SDS-glycerol gels shares similarities to a ‘yield stress gel’,% which
typically transforms from solid-like behaviour to liquid-like above a certain vyield stress, although
oscillatory measurements are needed to confirm this. However, unlike microgel/polymeric equivalents,
the SDS-glycerol mixture forms crystalline fibres, which are unlikely to reform. The shear-thinning
behaviour arises from the weak network structure that is formed during crystallization, which when
disrupted, causes loss in viscosity. It does not explain why shear-thinning behaviour is Cross-like after
the initial reduction in the low shear region. Therefore, multiple mechanisms must be occurring to
explain this multistage shear-thinning behaviour.®® Firstly, the temperature dependent low shear
viscosity will depend on the crystal network, and hence if the habit remains the same, this can only be
logically attributed to relative crystallite size. This is because higher temperatures lead to slower rates
of crystal nucleation growth, thus producing larger aggregates. The larger crystal aggregates are
stronger and require more force to disrupt and break into smaller aggregates and/or align parallel to
the shear direction.®? Once the network is disrupted, but the majority of fibres are not broken, the first
reduction in gradient is reached. As the shear rate is increased, fibres begin to break up and align due
to shear.” Finally, the remaining aggregates are small enough to align along the shear direction and are

likely to suffer minimal further breakage. Hence an infinite viscosity plateau is reached. However, this
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cannot be confirmed through viscosity measurements alone. Creep testing was partially successful for
2 Wt.% mixtures of SDS cooled at 20 °C (Appendix 8.10), indicating a transition from elastic to viscous
flow at 0.15 %. While some degree of structural recovery was observed, a different testing methodology

must be employed to understand the rheological behaviour at higher shear rates.

Shear-induced polarised light imaging (SIPLI) detects birefringence during shear events, which indicate
alignment and hence rationalises viscosity behaviour. A 2 Wt.% solution of SDS in glycerol was cooled
in situ initially from 80 °C to 20 °C at 30 °C min%, followed by isothermal cooling for 3 hours at 20 °C.
The cooling time was chosen from evidence for complete crystallization using SAXS measurements. A
shear rate of 100 s was chosen (Figure 4.14) as this considers a high shear scenario where breakdown

of fibres is likely to occur, with images recorded throughout the 33 minute measurement time.

Pre shear 5s 1000 s 2000 s Post shear

Viscosity [Pa.S]
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Figure 4.14: Rheo-SIPLI measurements of 2 Wt.% SDS in glycerol, performed at the sample edge shear rate of 100
s recorded at 20 °C, after quenching from 80 °C to 20 °C at 30 °C min™, followed by isothermal cooling at 20 °C
for 3 hours. Representative SIPLI images were recorded throughout the shear profile. Large crystal aggregates
(seen initially in the pre shear polarised light image) break down and align under shear, evidenced by the Maltese
cross formation and reduction in viscosity.** Immediately following the shear event, the majority of material loses
orientation. Direction of polariser and analyser indicated by P and A, respectively. Note that artifacts originating

from imperfections on the surface of the glass sample plate, as seen ‘pre shear’ and ‘post shear’ which is not
indicative of sample makeup.
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Within the first 5 seconds of shear being applied (Figure 4.14), a Maltese cross begins to form, indicating
almost immediate orientation to the direction of shear.®* Simultaneously, there is a loss in viscosity
which is initially steep, but decays exponentially, producing a plateau at half the initial viscosity. The
small change in viscosity is accompanied by a modest change in birefringence, with the Maltese cross
marginally more evident at 1000 s and virtually no change beyond this timeframe. Finally, immediately
after the shear event, the majority of fibres loose orientation, causing a loss in the observed
polarisation- albeit only for a small area within the centre. The resulting post-shear mixture is
predominantly homogeneous, unlike the pre-shear mixture, for which large crystalline domains are
evident. Thus, the SDS-crystal phase is highly sensitive to shear, with immediate break-up of the crystals
coinciding with alignment when high shear is applied. Rheo-SIPLI data coincides with successive
viscosity curves (Appendix 8.11), whereby the structure behaves similar to a non-recoverable ‘yield
stress gel’.% A general trajectory can be considered during shear (Figure 4.15). Shear causes initial
disruption of the network structure, prior to large scale breakup and alignment of the resulting

crystalline aggregates.

Pre-shear
Unaligned network

Post-shear
Increasing breakup as shear increases while aligned Unaligned particles

v
EEEEEEEEEEEEEEEEEEEEEEEN

Figure 4.15: Schematic representation of SDS-glycerol crystal fibre breakup over time while experiencing shear,
linking both SIPLI and rheological data (Figure 4.14) as well as the viscosity data (Figure 4.13).

Steady-shear rheology indicates the highly shear-thinning nature of the gel phase. However, to
establish the full rheological behaviour, oscillatory data are needed. Initially, a strain amplitude sweep
was performed to determine the linear viscoelastic range (LVER) (Figure 4.16a) for samples quenched
from 80 °C to 20 °C at 30 °C min"tfollowed by cooling at 20 °C for 5 hours. This temperature profile was
chosen due to its proximity to quiescently cooled conditions. The LVER was observed to be narrow, with
a maximum strain at ~ 0.15 %, coinciding with the creep recovery test. Therefore, the structure is
characterised as brittle, due to its limited elasticity. Notably, G’ exceeds G’ up to ~ 4 % strain, where a
crossover occurs. This corresponds to ‘yield-stress gel’ like behaviour, as the material is G’ dominated

(hence more liquid like) once the structure is broken.
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Figure 4.16: Oscillatory rheology of 2 Wt.% SDS in glycerol solutions measured at 20 °C, after quenching from 80
°Cto 20 °C at 30 °C min™, followed by isothermal cooling at different temperatures for 5 hours. Note that following
cooling, the mixture was brought to the measurement temperature of 20 °C and equilibrated for a further 2
minutes before being studied. a) Strain sweep at an angular frequency of 10 rad s, measured following isothermal
cooling at 20 °C. b) Frequency sweep (0.1% strain amplitude) measured following isothermal cooling at 20 °C. c)
Frequency sweep (0.1% strain amplitude) measured following isothermal cooling at 10 °C d) Frequency sweep
(0.1% strain amplitude) measured following isothermal cooling at O °C.

From the LVER range determined for the amplitude sweep (Figure 4.16a, < 0.15 %), 0.1 % strain
amplitude was chosen for the subsequent frequency sweeps, providing a strong signal response within
the LVER. The frequency sweeps were conducted at three temperatures, as in the steady shear
measurements. For all samples, G’ was significantly greater than G” for the majority of the frequency
region studied, indicating a gel-like material. However samples cooled at 10 °C and 20 °C exhibit a
crossover between G’ and G”. This indicates a liquid region, meaning that the material is not a true gel
and has liquid character, whereas samples cooled at 0 °C can be considered to be a true gel. Moreover,
both G’ and G”” and by extension n*, are higher as the mixture is cooled to lower temperatures. This is
likely due to the more effective network formed from smaller more uniformly dispersed crystals at

lower temperatures.

Initially, oscillatory data appear to be inconsistent with the steady-state viscosity curve data: for which
the low shear region shows a positive correlation between cooling temperature and viscosity. This is
because both experiments describe different shear events. In the frequency sweep data, the material
is subjected to a small oscillatory shear that does not break the structure. Comparatively, continuous

96



Chapter 4: Binary Mixtures of Anionic Surfactants in Polyols

shear initially disrupts the networks in the low shear region, before breaking up the crystal structures
into smaller particles. This must be considered when designing a formulation such as a toothpaste,
where yielding and shear-thinning on application is just as important as stability and gel-like behaviour

on its removal from a container or tube.

Overall, the mixtures behave much like a fragile, brittle gel, which yields at exceptionally low strains.
The subsequent breaking and aligning of aggregates under continued shear can be evidenced by SIPLI,
as well as the inherent variability in crystallization, as seen in both steady-state and oscillatory
measurements. Despite this, the degree of structuring that can occur at low concentrations is
remarkable and could aid formulation design by boosting viscosity without polymer additives. However,

the rheological behaviour is quite unlike polymers and hence further exploration is warranted.

4.2.7. Comparison to the Literature Data

Shortly after the majority of the experimental work in this project was completed, Mathews et al.
reported that a presence of an SDS-glycerol ‘microfibrillar gel phase’ was formed above the CMC.*
Microscopy indicated an identical fibre morphology and SAXS confirmed similar increases in lamellar
spacing when compared to anhydrous SDS (Table 4.2). Rheological measurements indicated similar
structuring behaviour; with identical observance of gelation at ~ 2 Wt.%, and G” dominated behaviour
at high strain rates measured during amplitude sweep. Unfortunately, no-in situ gel formation had been
attempted while measuring rheology, which might lead to lower than expected viscoelasticity values.
An example of this is in strain analysis where the LVER is observed below 0.1 % strain. This could indicate
a less structured mixture, with a reduction in elasticity resulting from disruption to the gel network.
However, a similar frequency sweep for the 2 Wt.% SDS in glycerol cooled at 0 °C was observed for a 4
Wt.% sample of SDS in glycerol (quiescently cooled), with no crossover between G’ and G” at high
frequencies. This is most likely due to the increased entanglements when more ribbon crystals are

present at higher concentrations.

However, characterisation of the microstructure of the gel phase can be achieved through simplistic
model parameterisation, in which a glycerol region and a bilayer region is identified. The work
presented in this chapter is close in agreement with that of Matthews et al. for the glycerol sublayer
thickness, as well as the lamellar period. However, work conducted in this thesis is considered to be a
more robust method for obtaining structural information. Analysis of electron density profiles enabled
further study of the SDS-glycerol phase, with an estimate of the bilayer tilt to be 18-22°. This
information, together with diffraction peaks observed by SAXS/WAXS and microscopy data, suggests
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that the ‘microfibrillar phase’ is highly crystalline. Moreover, IR spectroscopy studies indicate an
ordered crystalline glycerol layer. A summary of key findings with regard to the microstructural

parameters, is provided in Table 4.2.

Table 4.2: Comparison of structural parameters between work described by Matthews et al., and this work
regarding the SDS-glycerol phase.’* While main structural features remain similar, a distinction can be drawn
between stoichiometry and crystallinity.

Matthews et al.** This work
Lamellar period [A] 55.6 55.4
Thickness of glycerol region [A] 8 7
Molecular tilt [degrees] N.A. 20
Glycerol: SDS stoichiometry 1:1.5-2.0 <11
Phase characterisation Paracrystalline Co-crystal
mesophase

4.3. Results and Discussion: n-Alkyl Sulfates in Polyols

4.3.1. Room Temperature Behaviour of n-Alkyl Sulfate Homologues in Glycerol
Initially, anionic amphiphiles that are structurally analogous to SDS (e.g. sodium dodecanoate, sodium
dodecyl benzenesulfonate, sodium dodecyl sulfonate) were examined as 2 Wt.% solutions in various
polyols (glycerol, 1,3-propanediol and ethylene glycol) via a thermal cycle, to determine if similar fibre
co-assemblies could be formed. However, such studies did not result in any gelation or fibre phase. In
contrast, when linear (even chained) alkyl sulfates with a range of chain lengths from C10 to C18 in
glycerol were tested, more promising results were obtained. To account for different Krafft
temperatures, heating at 100 °C was used to fully dissolve the surfactant initially. As well as SDS, C14-
C18 alkyl sulfates exhibited gel formation. POM images indicated polymorphic crystal structures
comprising a predominantly fibre morphology for C14 and C18, with platelets and needles being
present as well (Figure 4.17). Unfortunately, owing to the small amount of material available at the
time, the C16 glycerol phase was not captured using microscopy, but characterised by SAXS alone. C10
alkyl sulfate solution remained soluble at room temperature, suggesting that fibre formation might
occur at lower temperatures. The fibres seen in Figure 4.17 display a similar size and morphology to
those formed by SDS. This suggests a similar structural motif, whereby glycerol is intercalated between
SDS bilayers.
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Figure 4.17: Polarised optical microscopy images of a) and b) 2 Wt.% sodium n-tetradecyl sulfate in glycerol (a and
b) and 2 Wt. % sodium n-octadecyl! sulfate in glycerol (c and d) following heating at 100 °C and quiescent cooling
overnight. C. Both samples show a mixed phase with ribbons associated with SDS-glycerol crystal phase, and other
morphologies (e.g. platelets) associated with hydrated and anhydrous crystal types. Direction of polariser and
analyser indicated by P and A, respectively.

It is hypothesised that the formation of mixed phases of alkyl sulfate crystals is caused by (i) the lower
purity of the starting materials, with the likely presence of synthetic precursors and other impurities,**
and (i), the increased Krafft temperature causing more rapid crystallization under quiescent conditions.
This may be the reason why C18 shows a higher presence of a) non fibre species and b) smaller fibre
motifs, despite being cooled quiescently. Nevertheless, both C14 and C18 form fibres similar to that of
SDS-glycerol (Figure 4.3). SAXS patterns further confirm crystal polymorphism with the presence of
varying solvates and anhydrous crystals (Appendices 8.6, 8.12, 8.13, and 8.14). The origin of such
hydrates is thought to be residual water within the starting materials. Nevertheless, all samples from
C14-18 contained phases with a larger than expected lamellar period. When first order peak spacing of
the glycerol containing crystals (001¢) is plotted against alkyl chain number, a highly linear trend is seen

(Figure 4.18).
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Figure 4.18: Lamella (doo1) spacing determined from SAXS patterns for a homologous series of n-alkyl sulfate
surfactants in glycerol mixtures. This is plotted against number of n-alkyl carbon atoms. Linear regression is
extrapolated to the theoretical ‘0O carbon chain’ for an n-alkyl sulfate molecule exhibiting an n-alkyl sulfate-SDS
crystal phase. 1D scattering patterns and associated fits are presented in Appendices 8.6, 8.12, 8.13, and 8.14.

By exploring the relationship between number of carbons and dosi-spacing, a linear trend can be
extrapolated to zero carbon atoms. It can be assumed that the change in alkyl chain tilt is either
systematic (unlikely) or negligible (more likely). Therefore, an estimation of the sublayer for alkyl
sulfate-glycerol crystals , which contains the sulfate head region and glycerol, can be established. This
value is 21.6 A, which can be compared with the values observed for the electron density profile of SDS
alone. Sublayer information from structural analogues suggests the ‘whole’ headgroup (as well as
glycerol) exists within the 11.3 A each side of the bilayer. Interestingly, both the -1-1-1-11 and 1-1-1-1-
1 phases for the EDP of SDS exhibit peak maxima at the same sublayer measurement distance.
However, this represents the distance from the centre of the headgroup outwards, defining a slightly
different region. The main atom to fall outside of this region is the oxygen molecule adjoined to the
carbon chain, where the atomic centre lies 1.2 A towards the centre with respect to the layer normal.
The difference is likely to be an effect of resolution of the EDP or the assumption of zero tilt in the non-
primary axis, slightly altering sublayer values. Nevertheless, the congruence between EDP and doos-

spacing of alkyl sulfate-glycerol crystals is a clear indication of the accuracy of the electron density
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model, and the ubiquity and uniformity of the alkyl sulfate-glycerol cocrystal structure. Determination
of crystal structure (through single crystal diffraction) would allow confirmation of glycerol

stoichiometry and is the next step in characterisation of the species.

4.3.2. Room Temperature Behaviour of Sodium Tetradecyl Sulfate in Ethylene Glycol

It has been shown that the self-assembly of sulfate surfactants and polyols is not limited to a single
molecule (SDS) but is also possible for homologous analogues. To understand the driving force for co-
assembly, C12 and C14 alkyl sulfates were tested in solutions of ethylene glycol and propanediol (4
Wt.%). While no phase change occurred in propanediol, C14 exhibited gel formation at 4 Wt.% when
heated and cooled above the Krafft temperature in ethylene glycol. C12 was soluble at room
temperature, and even cooling at 0 °C did not yield crystals. POM studies of C14 revealed similar

crystalline fibres to that observed for SDS and glycerol (Figure 4.19).

. 500 um

Figure 4.19: Polarised optical microscopy images of 4 Wt. % sodium tetradecy! sulfate in ethylene glycol after
isothermal quiescent cooling overnight from 75 °C. Ribbon crystal formation suggests a similar mode of assembly
to that for alkyl sulfate-glycerol crystal phases, indicating that ethylene glycol becomes intercalated within a
sublayer region between surfactant headgroups. Note that the blueness of the images is not as a result of the
sample, but incomplete auto-white balance during image acquisition. Direction of polariser and analyser indicated
by P and A, respectively.

Remarkably, a fibre motif is observed when C14 is cooled quiescently in ethylene glycol. Fibres show a
degree of anisotropy with irregular twists, and polydisperse lengths. Despite ethylene glycol being a
toxic substance and therefore not relevant for personal care products, these results show that both the
surfactant and solvent type can be altered and tuned, while still achieving gelation. To confirm the

inclusion of ethylene glycol (EG) within the structure, SAXS analysis was performed. Due to the inferior
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equipment used, 4 Wt.% solutions were employed to ensure higher signal to noise ratios. The resulting

mixture was compared to sodium tetradecyl sulfate powder (Figures 4.20).
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Figure 4.20 a) SAXS pattern recorded for sodium n-tetradecyl sulfate (C14) powder as received (undried). Hydrate
crystal phase labelling has been omitted for ease of reading. b) Background corrected 1D SAXS pattern of gelled
4 Wt.% C14 in ethylene glycol mixture. 00la and 00les are Miller indices used to denote lamellar peaks of the
respective phases. (anhydrous SDS and gelled C14 alkyl sulfate-ethylene glycol phase).

Within the SAXS pattern (Figure 4.20b) the 1%, 2" 4™ and 6™ order 00/ peaks were most prominent
for the STS (C14)-ethylene glycol phase. With limited literature crystallographic data for C14 (sodium
n-tetradecyl sulfate)®® and poor resolution of the STS-ethylene glycol SAXS pattern, it was not possible
to reconstruct EDP’s with a high degree of certainty owing to the phase problem. However, this could
be achieved in future work by obtaining crystallographic information for sodium tetradecyl sulfate,
followed by better quality (higher signal to noise) scattering data for C14 in ethylene glycol.
Comparing the SAXS pattern of C14 in ethylene glycol to its constituent powder form (prior to drying),
an increase in spacing from 42.5 A to 49.3 A is observed. The doo1 spacing is noticeably smaller than
the STS (C14)-glycerol phase (61.0 A). Despite ethylene glycol containing one less carbon/alcohol
group, the considerable difference in spacing can only be rationalised by an appreciable change in tilt.
The evidence in doo1-spacing change, along with the formation of fibres indicate that co-assembly
during crystallization of alkyl sulfates and other polyols can occur. Furthermore, both ethylene glycol
and glycerol, which are known for their cryoprotectant properties,®” can form crystalline, ordered
assembilies. It is noteworthy that alkyl sulfates in 1,3- propanediol did not gel or form fibres,
suggesting that two adjacent hydrogen bond donating groups may be important to interact and co-
assemble, or simply a high hydrogen bond density. This may be because the solvent molecule can
form multiple hydrogen bonds with the sulfate group, in accordance with Etter’s rule,®® although

future work screening a larger solvent range could Identify systematic behaviour.
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In both crystallography and LMWGs, attempts have been made to provide a theoretical underpinning
into the science of co-assembly.?® This has been met with varying success'®and different strategies
have been employed, including the predictive use of Hansen solubility parameters.’°* While water
readily forms hydrated crystals in aqueous media, its polarity and ability to hydrogen bond is superior
to that for other solvents (Table 4.3). Despite being less polar, with a reduced hydrogen bonding, both

glycerol and ethylene glycol exhibit co-assembly, despite their solubility with alkyl sulfates.

Table 4.3. Comparison of selected physical properties of polar protic solvents, which undergo co-assembly or
solvate (co)crystallization with n-alkyl sulfates. Green cells indicate observed (or literature) co-assembly behaviour,
and red indicates no observed co-assembly.

1,3-Propanediol = Ethylene Glycol Glycerol Water
Dielectric constant 35.01102 38.66 T193 41.14t18 80.37118
Hansen solubility parameter — 23,210 26.01%1 29.3101 42,3101
H-bonding component (8h)
[MPa'/?)

tMeasurements at 20 °C

1,3-Propanediol is the least polar (as well as a lower 6h ) solvent shown in the selection (Table 4.3),
but it is only marginally less polar than ethylene glycol. This shows the limitation of using solubility
parameters to define co-assembly in a quantitative manner, as recognized by Lan et al.’® It is this
therefore suggested, that further investigations of alkyl sulfate crystal gel phases must be carried out
with geometry of the constituents undergoing assembly in mind. Although multiple H-bonding sites in
close proximity may not be critical for co-assembly,®” the work presented here suggests a crucial
relationship with the sulfate head group, and the diol motif within the solvent, particularly for fibre
formation. While evaluation of alternative head groups proved unsuccessful, the cocrystallization and
fibre formation was less specific with regard to towards tail composition. Therefore, possible future
directions for this research are include identifying the importance of a diol motif, surfactant, or
solvent in regard to hydrogen bonding that leads co-assembly. Alternatively, tail composition,
including branching, unsaturation, and odd carbon numbered chain lengths which will effect packing
of the surfactant, can also be explored. If successful, such changes will also change the physical
properties, and potentially improve the desirable qualities of the structuring system, e.g. the

crystallization rate, Krafft temperature and degree of branching of the fibres.
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4.4. Conclusion and Future Work

A novel gel phase was identified in glycerol-SDS binary mixtures below the Kraft temperature and above
the CMC. Rheological characterisation indicated a highly structured material that exhibited elastic
properties (and hence G’ dominated behaviour) within the LVER. However, amplitude sweep and steady
shear data indicated a brittle network with irrecoverable loss of structure even at low shear rates. The
mixtures therefore behave like crystal networks, where aggregates are physically broken in shear
events, causing vyielding, flow, and alignment, similar to a non-recoverable yield-stress gel.®3 The
structure arises from growth of fibre-like crystal aggregates, which entangle and gel, as indicated by
SAXS, microscopy and rheology studies. These aggregates grow to large sizes (> 500 um), facilitated by
slow growth and limited primary nucleation in quiescent conditions. The layer structure was identified
by SWAXS to be novel and have considerably larger period than all known crystal phases of SDS, with a
high degree of order and tilted alkyl chains within the layer. Electron density distribution information
was elucidated from the scattering data and rationalised in the context of the anhydrous crystal phase.
The SDS-glycerol crystal phase was shown to contain glycerol intercalated in between SDS bilayers.
Moreover, the tilt of the bilayers were estimated to be 18-22°, which is similar to anhydrous SDS.
Measurement of the Krafft temperature at industrially relevant concentrations indicated an increase
from the Krafft point.Y” While expected, this s has important implications for storage, production, and
use in personal care formulations. While the crystallinity of the structure was evident through the high
degree of order exhibited in the scattering data, and aggregate formation in POM, the crystallinity of
glycerol within the sublayer could not be verified. This was therefore achieved by recording infrared
spectra, to reveal defined v-OH vibrations, suggesting order and H-bonding motifs similar to that of
polycrystalline glycerol.”” Thus, the structure is as almost wholly crystalline, as opposed to a
supramolecular (aggregated) nanosized assembly, which has implications for the mechanism of
formation. Nevertheless, similarities between fibrous gels such as SaFiNs are clear with similarities in
fibre-like morphologies and structures'® and rheological behaviour.!® The characterisation of this
phase leads to an improved view of the SDS-glycerol phase and of work conducted by others in parallel

to this study,'* whereby the phase is considered as a microfibrillar gel that is also paracrystalline.

Studies of analogous crystalline gel systems based on alkyl sulfate homologues in glycerol were also
undertaken. It was observed that a common structural motif of a layered structure was present,
whereby glycerol existed within an intercalated sublayer. Furthermore, a linear increase in the layer
period with carbon chain length was observed, consistent with original sublayer measurements made
for SDS in glycerol. In principle, further structural information could be obtained by growth of single

crystals in order to obtain diffraction data. This is because the method of electron density profile
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reconstruction, while successful, was limited by resolution, causing some degree of ambiguity with
regard to the sublayer depth. In the short term, preparation of more concentrated gels may allow unit
cell determination, if single crystal formation is not possible. Despite no surfactants with alternate head
groups able to form gels in a range of protic polyol solvents, sodium n-tetradecyl sulfate in ethylene
glycol was shown to form crystalline structures similar to the equivalent glycerol mixtures. This suggests
the importance of multiple H-bonding sites with appropriate directionality for gel formation, as
opposed merely polarity effects. This is an exciting discovery which opens the door for surfactant and
solvent design employing diol (or equivalent non-covalent) bonding motifs, much like the work
conducted with water and ascorbate surfactant derivatives, which enabled coagel formation.® The
present study introduces a means of structuring for non-aqueous personal care or drug formulations,
without the use of polymers and using common ingredients, which may be modified to tailor of physical

properties.
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5. Ternary Behaviour of SDS and Glycerol Containing Mixtures

5.1. Introduction

SDS is commonly added as a foaming agent or detergent to complex personal care formulations along
with a multitude of other ingredients.! In order to characterise behaviour for such multicomponent
mixtures, model systems characterising the overall trends in phase behaviour must first be considered.
In Chapter 4, binary mixtures of SDS in glycerol were probed, focusing on the formation of the SDS-
glycerol crystal phase. The current chapter aims to characterise the viability of this phase in more
complex (ternary) mixtures, as well as understand the behaviour over a range of temperatures. Most
importantly, the presence of water is studied, which can be either included intentionally, or may be
unwittingly present owing to the hygroscopicity of both SDS and glycerol in an industrial setting.?® While
ternary mixtures of SDS-glycerol-water have been studied in detail,*® both micelle structure and phase
behaviour in glycerol rich mixtures are areas that require further understanding. Additionally, 1-
dodecanol is used as a model impurity/cosurfactant to determine its effect on crystal phase and micelle
structure. Finally, the impact of ionic strength is tested through the inclusion of a simple monovalent

salt.

5.2. Results and discussion

5.2.1. SDS/Glycerol/Water- Crystal Phase Behaviour
5.2.1.1. SAXS & Microscopy

The SDS-glycerol phase has only recently been identified (through this work and that of Matthews et
al.),” which raises questions as to why this structure has not been observed earlier. In concurrence with
previous work, SDS concentration are 2 or 4 Wt.%, with varying water and glycerol content. Initially,
SDS (2 Wt.%) in glycerol-water mixtures (0 Wt.%, 3 Wt.% and 6 Wt.% water of solution) were heated
above the Krafft temperature and subsequently cooled quiescently. The resulting mixtures were then
examined using optical microscopy (Figure 5.1). Fibre-like crystal aggregates indicative of the SDS-
glycerol phase is evident in pure glycerol. However, for the glycerol-water mixture containing 3 Wt.%
water of solution, a mixed phase was observed, containing both fibres and platelet-like aggregates. By
increasing the water content to 6 Wt.% water of solution, the SDS-glycerol crystal phase disappeared
and was replaced by a mixture of platelet-like and needle-like morphologies. This suggests the
formation of crystals with varying degrees of hydration,® or perhaps multiple habits of a dominant

crystal structure, which is difficult to verify through microscopy alone. Both Abdel-Rahem and Khan
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report that hydrated crystals are present below the Krafft temperature in glycerol-water mixtures.*®

This suggests a dominant hydrate phase, although there is little direct evidence for this structure.

Figure 5.1: Polarised optical microscopy images (POM) of SDS (2 Wt.% of total) in glycerol-water mixtures
consisting of (left to right): 0 Wt.% water and 100 Wt.% glycerol, 3 Wt.% water and 97 Wt.% glycerol, and 6 Wt.%
water and 94 Wt.% glycerol. Solutions were subjected to heating at 75°C before quiescent cooling for 5 hours.
Mixtures show a transition from SDS-glycerol crystal phase to mixed crystal phases and finally platelets and needles
of an indeterminate degree of hydration. Direction of polariser and analyser indicated by P and A, respectively.

It is apparent that relatively small amounts of water can disrupt the formation of fibres when cooled
guiescently. However, formation of the SDS-glycerol crystal is slow, with long lag times observed (Figure
4.5) during formation, which may indicate kinetic constraints compared to other crystal phases. 2 Wt.%
solutions of SDS in glycerol-water mixtures were quenched from 80 °C to 20 °C at 30 °C min* before
being help isothermally at 20 °C while time resolved SAXS measurements were recorded (Figure 5.2),
to allow for characterisation of the growing crystal species. The non-fibrelike crystals formed in the
presence of small amounts of water was the anhydrous SDS crystal phase (Appendix 8.15), as
determined by the near-identical scattering pattern of the high intensity lamellar peaks.'* When the
intensity of the doo1 peaks are measured against time, abundances of each phase can be quantified,
allowing comparison between mixtures with different solvent compositions. For some scattering
patterns containing SDS in glycerol/water mixtures, large textured (anhydrous) crystals caused
variations in the plateau intensity after crystallization. The calculation of a plateau intensity average
appeared to mitigate the effect, allowing for comparison between crystal types. When the relative
crystal composition was plotted against water content, a sigmoidal curve (Figure 5.2a) was obtained,
whereby SDS-glycerol crystals were replaced in favour of anhydrous crystals as the water content is

increased.
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Figure 5.2: a) Volume fraction of SDS-glycerol crystal phase with respect to the anhydrous crystal phase and its
dependence on glycerol concentration in glycerol-water mixtures, calculated from averages of intensity plateaus
of 0016 and 001 diffraction peak intensity from 2 Wt.% solutions isothermally cooling at 20 °C of SDS, after an
initial quench at 30 °C min™ from 80 °C to 20 °C (Appendix 8.15, 8.16). b) Representative time resolved 1D SAXS
pattern showing evolution of anhydrous and SDS-glycerol crystals with a solvent composition containing 97.5 Wt.%
glycerol and 2.5 Wt.% water. c) Representative fitted doou peak intensity over time, determined from b, with
indication of a mean peak plateau intensity for a solvent mixture containing 97.5 Wt.% glycerol.

Anhydrous crystals also showed the same or lower tii: than the SDS-glycerol phase (Appendix
8.15,8.16), which is hypothesised to be a result of the anhydrous crystal exhibiting a lower kinetic
barrier to formation.!! The reduction in solvent viscosity through addition of water may also be a
contributing factor, which in turn allows for faster diffusion.'? It is initially unclear why anhydrous
crystals form in preference to either hydrated crystals or the SDS-glycerol phase, as hydrate crystals
typically dominate when cooled in purely aqueous solution.®1° One aspect is the kinetic favorabilty; for
anhydrous crystals to form, only organisation of the SDS must occur. Whereas the SDS-glycerol and
SDS-hydrate crystal phases require organisation of two components, lowering entropy and increasing
the kinetic barrier. This aligns with Ostwald’s rule of stages®® whereby cocrystals are the thermodynamic

product with their formation driven by enthalpy, although this is not always the case.*
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To further examine the nature of phase formation during crystallization, a solution of 2 Wt.% SDS in
glycerol-water mixture (3 Wt.% water of solution) was isothermally cooled and studied by time resolved
POM. This was then compared to SDS in pure glycerol (Figure 5.3). The presence of water increased the
crystallization growth rate by approximately a factor of two, in agreement with the SAXS data. In the
presence of 3 Wt.% water of solution, both fibre and feather-like morphologies were present,
suggesting a dendritic mode of growth.'® This corresponds to the same anhydrous crystal species
observed during quiescent cooling (Figure 5.1, middle) and isothermal cooling by SAXS, despite being a
different crystal habit to the expected platelet or needles.#%161° Re-examining the initial observations
of POM images of SDS (2 Wt.%) solutions at varying water concentrations (Figure 5.1), it is feasble that
feather morphologies were initially present but were destroyed by shear during loading of the sample.
Nucleation occurred in a sporadic fashion for both mixtures and also propagated from the surface of

bubbles.

180 min, _

Figure 5.3: Time resolved polarised optical microscopy measurements for solutions initially quenched at 30 °C min®
1 from 80 °C to 20 °C, followed by isothermal cooling at 20 °C containing (upper row) 2 Wt.% SDS in glycerol, with
the SDS-glycerol crystal phase forming phase consisting of fibre crystals through sporadic nucleation, (Lower row)
SDS (2 Wt.%) in glycerol-water mixture (3 Wt.% water and 97 Wt.% glycerol), forming a mixed phase consisting of
SDS-glycerol crystals and feather-like crystals of either anhydrous or hydrated SDS through sporadic nucleation.
Different acquisition times were used for each solvent mixture to prevent overexposure due to the difference in
birefringence for each sample, causing a difference in background brightness. Direction of polariser and analyser
indicated by P and A, respectively.

One possibility is that feather-like crystal formation is a result of the SDS-glycerol crystal phase acting
as a seeding agent.?® Alternatively, glycerol or water may adsorb onto specific crystal faces, influencing
growth.?! Another factor that can affect habit is the viscosity of the system, where the increased
viscosity of glycerol-rich formulations causes slower diffusion and hence higher incidences of secondary
nucleation and branching.?? The formation of feather morphologies is not limited to low water content

and is observed for crystals formed in 10 Wt.% water as well (Figure 5.4). Therefore the SDS-glycerol
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phase does not influence the habit of the anhydrous crystals. It is only when the water content is
increased up to 20 Wt.% water of solution (Figure 5.4) that crystals with the expected needle-like habits
are observed. Hence high glycerol content (or low water content) seems to be the cause of the feather-

like crystal habit.
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Figure 5.4: Time resolved polarised optical microscopy measurements for solutions initially quenched at 30 °C min®
1 from 80 °C to 20 °C, followed by isothermal cooling at 20 °C containing (upper row) SDS (2 Wt.%) in glycerol-
water mixture containing 10 Wt.% water 90 Wt.% glycerol solvent, forming a phase consisting of feather-like
crystals of either anhydrous or hydrated SDS through sporadic nucleation, (Lower row) SDS (2 Wt.%) in glycerol-
water mixture containing 20 Wt.% water 80 Wt.% glycerol solvent, forming a phase consisting of needle -like
crystals of either anhydrous or hydrated SDS through sporadic nucleation.

Isothermal cooling measurements at different temperatures can enable the identification of kinetic and
thermodynamic products of crystallization, where higher degrees of undercooling produce a higher
proportion of the kinetic product.!* Therefore measurement of crystallization during isothermal cooling
at two different temperatures, 15 °C and 0 °C were undertaken (following an initial quench from 80 °C
at 30 °C min) for 2 Wt.% solutions of SDS in a glycerol-water (3 Wt.% water of solution) allowing
comparison with previous measurements at 20 °C. Initial observations of time-resolved microscopy
(Figure 5.5) indicate faster growth at lower temperatures, with instantaneous (as opposed to sporadic)
nucleation occurring at 0 °C. Mixtures with a greater degree of undercooling are expected to crystallize
faster due to the lower activation energy for nucleation.?® Crystalline aggregates were both smaller and
primarily needle-like when cooled at 0 °C, suggesting predominant anhydrous or hydrate formation. At
15 °C, similarly to 20 °C, sporadic nucleation and slow growth leads to the formation of distinct fibre

and feather-like crystals, with bubbles acting as the main nucleation sites.
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Figure 5.5: Time resolved polarised optical microscopy measurements of SDS (2 Wt.%) in a glycerol-water solution
(3 Wt.% water and 97 Wt.% glycerol) isothermally cooled at (Upper row) O °C preceded by an initial quench at 30
°Cmin from 80 °C, (Lower row) 15 °C preceded by an initial quench at 30 °C min from 80 °C. Cooling at 0 °C yields
a phase consisting of small needle -like crystals of either anhydrous or hydrated SDS through instantaneous
nucleation. Comparatively. cooling at 15 °C yields a mixed phase consisting of SDS-glycerol crystals and feather-
like crystals of either anhydrous or hydrated SDS through sporadic nucleation. Direction of polariser and analyser
indicated by P and A, respectively.

Crystallization of mixtures under the same conditions was then assessed using time-resolved SAXS.
Cooling at 0 °C (Figure 5.6b, 5.6d) yielded predominantly anhydrous crystals with only ~5% abundance
of the SDS-glycerol phase, in contrast to the near-equal abundance for both phases when cooled at 20
°C. The anhydrous phase also had a tini: of 10 minutesi.e. 15 minutes lower than the SDS-glycerol phase,
coinciding with microscopy observations of spontaneous nucleation (Figure 5.5). The data confirm the
kinetic favourability of the anhydrous crystal in glycerol-rich binary agueous solvents, in agreement with
Ostwald’s rule of stages.!® For the sample cooled at 15 °C, (Figure 5.6b, 5.6d) a plateau intensity had
not been reached by the end of the experiment and further repeats over a longer timescale are needed
to verify relative abundance. However, despite similar ratios of anhydrous crystal and SDS-glycerol
phase compared to those at 20 °C, a small amount of another crystal phase (001u) is observed, with a
first order d001 -spacing (31.9 A) that does not coincide with known crystal phases.®11%° This may be
due to the lower temperature affecting the dooi-spacing of a known hydrate, or perhaps a new crystal
phase with indeterminate composition. An alternative explanation is the formation of hexagonal
intermediate phases reported by Mathews et al.,?* although this does not correlate with the microscopy
observations or with the assigned crystal phases. Further work to determine structure and favourability
of the unknown phase could be examined using different cooling methods (including non-isothermal
regimes), as well as varying concentrations of SDS. However, isothermal cooling at higher temperatures
proved difficult, because the large crystal aggregate size leads to non-representative relative intensity

measurements.
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Figure 5.6: Top: time-resolved 1D SAXS pattern of 2 Wt.% SDS in glycerol-water solvent (3 Wt.% water and 97 Wt.%
glycerol solution) isothermally cooled at a) O °C preceded by an initial guench at 30 °C min™ from 80 °C, b) 15 °C
preceded by an initial guench at 30 °C min™ from 80 °C. C) dooi peak fitted intensity over time for mixtures cooled
at 0 °C. b) door peak fitted intensity over time for mixtures cooled at 0 °C. Where 00Ig, is SDS-glycerol crystal phase,
00la is the anhydrous crystal phase, 00l is the new/unknown SDS crystal phase.

With evidence for preferential formation of anhydrous crystals being exaggerated at lower
temperatures, it can be concluded that anhydrous SDS is the kinetic product in glycerol-water mixtures.
The behaviour extends to other compositions, with quiescently cooled SDS (4 Wt.%) in glycerol-water
mixtures containing up to 40 Wt.% water of solution also forming anhydrous crystals (Appendix 8.17).
However, two important questions remain. Firstly why do hydrates not form more readily? And

secondly, why does the anhydrous phase become the kinetic product only when water is present?

The answers to both these questions are linked to the locality and behaviour of water. Both SDS and
glycerol are highly soluble in water, and readily form solutions. For SDS, it has been shown through
scattering experiments that the shell of micelles is highly hydrated in aqueous solutions, with up to 50%
of the shell volume composed of water.?> This may be the case for glycerol-water solutions of SDS,
where there could be a significant presence of water in the micelle shell, that could disrupt co-
ordination of glycerol to SDS during crystallization. However, if this is the sole mechanism affecting

crystallization, it would be expected that hydrate SDS crystals would form more readily. Alternatively,

115



Chapter 5: Ternary Behaviour of SDS and Glycerol Containing Mixtures

water is also known to readily disperse in glycerol, which is highly hygroscopic, and binary solutions
display low water activity.?®?” The presence of water may affect crystallization by tying up glycerol in a
H-bonded solvent network. This would explain the formation of anhydrous crystals over both hydrated
and glycerol crystal phases. However, this cannot be determined from crystallization information alone,
and either process (or both) could occur. The behaviour of water molecules in solution can be assessed

using either Raman or NMR spectroscopy.

4.3.1.2. Rheology

The high aspect ratio crystal fibres in the glycerol phase is what enables freestanding gels to form, which
then break up under shear to enable flow. Other crystal morphologies with lower aspect ratios, are less
likely to entangle and subsequently gel or structure at the same concentrations, although aggregates
will still break up under shear. Therefore, the rheology of SDS mixtures in glycerol-water solvent with
different compositions (0 Wt.%, 3 Wt.%, 6 Wt.% water of solution), were measured to determine the
effect of changing the crystal type on shear-thinning behaviour. Viscosity curves were conducted
following in situ isothermal cooling within the rheometer for mixtures of SDS (2Wt.%) in glycerol-water
mixtures (0 Wt.%, 3 Wt.%, 6 Wt.% water of solution). Initial G measurements recorded during
crystallization (Figure 5.7) show similar behaviour to the SAXS isothermal cooling data, where mixtures
containing water tend to crystallize quicker due to growth of the anhydrous crystal. However, as
multiple crystal types are present, it is not applicable to measure Avrami kinetic behaviour through
rheology alone, which cannot distinguish between multiple coexisting crystal types. Thus this technique

is less informative than other methods such as SAXS.?®

For SDS solutions containing 0 Wt.% and 3 Wt.% water of solution, higher peak and plateau values of
G’ (Figure 5.7) are obtained, compared to the solution containing 6 Wt.% water of solution. This is due
to the presence of the SDS-glycerol phase, which can form entangled networks. For all samples, a
reduction in viscosity was observed following the peak maxima, which represents the end of crystal
growth. This was not expected as a plateau should occur instead of a decrease.?® In the mixture
containing 6 Wt.% water of solution, G’ is reduced from 1300 Pa (peak value) to 200 Pa by the end of
the measurement. It is hypothesised that this is a result of equilibration of the crystal material and
perhaps relaxation from stresses endured during crystallization. After the peak value of G” (Figure 5.7a),
the subsequent loss and plateau value coincides with a greater dampening factor, equating to a less
elastic structure. While not representative of the whole frequency range, it is an indication that the
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network-like behaviour is affected after the initial growth. The formation of crystal structures with
lower aspect ratios, such as platelets and feathers may enhance this effect due to the lower degree of

entanglement.®® It is less likely this behaviour is seen at higher concentration regimes, because of the

reduction in degrees of freedom and increased between of crystal aggregates.
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Figure 5.7: 2 Wt.% SDS in glycerol water mixtures isothermally cooled in situ for 5 hours at 20 °C, following an
initial quench at 30 °C min™ from 80 ° to 20 °C, containing 0% water and 100% glycerol (red), 3 Wt.% water and
97 Wt.% glycerol (blue), 6 Wt.% water and 94 Wt.% glycerol (purple) solvent mixtures. a) G” evolution over time
owing to the crystallization and network formation of SDS. b) Corresponding viscosity curves for the resulting
crystalline suspension with a Sisko model fit.3! N.B. The sample in glycerol (red) is the same dataset as that shown
in Figures 4.12 and 4.13.

Shear-thinning behaviour also differs for different solvent compositions (Figure 5.7b). While no true
zero shear viscosity plateau is observed, the SDS solution in pure glycerol exhibits a depression in
gradient at approximately 0.35 s Further shear-thinning occurs below this value and such behaviour
was repeatable at different temperatures (Figure 4.13). This is not the case for samples containing
water, where a power law-type behaviour is observed. The Sisko model®' was employed to fit the
degree of shear-thinning (n) and infinite viscosity plateau (nif). All samples exhibited similar values of
n, with this exponent ranging from 0.8 to 1.0. This suggests that the effect of shear is similar for all
samples, with a proportional loss in viscosity. All samples show different values of nin, which approaches
the value expected for the solvent viscosity.*? Despite different crystal types and habits, the breakdown
under shear is identical. Furthermore, the solvent viscosity has a large effect on structure after a
continuous shear event, which must be considered when designing a toothpaste formulation. It is not
possible to distinguish between the inherent structuring properties through viscosity curve
measurements. However, further creep analysis as well as oscillatory (frequency and amplitude sweep)

data would provide insight into the structure and gelation of the mixture. Oscillatory data would also
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show whether the samples containing water are best described as gels, semisolids, or liquids within the

LVER.

5.2.2. SDS/Glycerol/Water Mixtures — Elevated Temperature Behaviour

While the micelle behaviour of SDS in glycerol has only recently been observed,” the behaviour of SDS
in aqueous and mixed aqueous systems have been studied much more intensively.*® However, the
rationalisation of micelle structure throughout the whole solvent composition range for glycerol and
water has not been well established and was therefore attempted in this work. This was achieved for 2
Wt.% and 4 Wt.% SDS solutions as an extension of previous formulations. During preliminary analysis
of scattering patterns of SDS (2 Wt.%) in glycerol, it was found that a core-shell ellipsoid model
produced a satisfactory fit to the data, while remaining consistent with other small angle measurements
of SDS in various solvent.3273¢ Due to the concentrations studied, a Hayter-Penfold (HP) structure factor
for charged spherical particles®”*® was used as a first approximation to account for intermicellar
repulsions. Measurements were conducted at 60 °C, which is a relevant temperature for processing all
formulations above the Krafft temperature.* The formulations were created using weight fractions,

with volume fraction contribution accounted for within the fitting parameters (Appendix 8.18).

Samples containing 30 and 40 Wt.% water produced a relatively low intensity scattering signal
exemplified by a lower maximum of the observed form factor ‘peak’ (Figure 5.8d and 5.8e) relative to
otherr patterns (Figure 5.8). This was not an experimental error, as future studies showed similar
behaviour. It is expected that contrast matching between the solvent SLD and the SDS SLD was the likely
cause for this observation. Considering that most studies indicate high degree of mixing at this solvent
composition,® large scale partition of solvent is deemed unlikely. There is also limited potential for
solvent transfer into the micelle core due to the large difference in polarity. The cause of the intensity
variation was initially thought to be a change in micelle shell composition through hydration of micelle
head groups. This is because some cases within the literature report that the volume fraction of water
associated with the head group in an anionic micelle can account for more than 50% of the shell volume
fraction.®? However, it was hypothesised, that in this system, the dynamic equilibrium of water between
the shell and the bulk in glycerol-aqueous mixtures, causes the micelle head groups to be partially
solvated by water. Thus, as the water content is increased, more water is located in/round the
surfactant head groups, causing the effective shell thickness to increase and the shell SLD (or average
electron density) to decrease. To assess this phenomenon, the micelle shell parameters were chosen

to be variables fo the fitting model. Furthermore, it was assumed for the analysis that the SDS mass
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density is 1.01 g cm™3, based on the known SDS density in aqueous micellar solutions (1.00-1.01 g cm’
3).4042 Although it is recognised that the micellar density of SDS is likely to change in different solvent
mixtures and temperatures, its effect on the overall volume fraction is expected to be minimal at this
concentration when compared to the volume change associated with the different solvent
compositions (which are accounted for). Thus this allows for the determination of the dramatic change
in scattering intensity. Fixing the SDS mass density minimised structural model over-parameterization,

whereby over-fitted outputs of concentrations were initially obtained.
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Figure 5.8: 1D SAXS patterns of SDS (2 Wt.%) in glycerol-water solutions at 60 °C, fitted with models comprised of
a core-shell ellipsoid form factor with Hayter-Penfold mean spherical approximation structure factor for charged
spherical particles , with solvent compositions of a) 100 Wt.% glycerol, b) 10.7 Wt.% and water 89.3 Wt.% glycerol,
c) 20.5 Wt.% water and 79.5 Wt.% glycerol, d) 30.1 Wt.% water and 69.9 Wt.% glycerol, e) 40 Wt.% water and 60
Wt.% glycerol, f) 50.5 Wt.% water and 49.5 Wt.% glycerol, g) 59.5 Wt.% water and 40.5 Wt.% glycerol, h) 69.7
Wt.% water and 30.3 Wt.% glycerol, i) 80.2 Wt.% water and 19.8 Wt.% glycerol, j) 90 Wt.% water and 10 Wt.%
glycerol, k) 100 Wt.% water. A full list of fitting parameters is given in Appendix 8.18.
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The core-shell ellipsoid form factor used,* in combination with the HP structure factor built in the Irena
macro for Igor Pro produced good fits to the experimental data (Figure 5.8 and Table 5.1).3%** Due to
the upturn at low and high g, even after background correction, all fittings were performed within the
g range 0.25 A1< g < 0.65 A ™. This mitigated the problem but there was a broader distribution of the
sum of the squares of independent standard normal variables (x?) at higher water concentrations. The
upturn was less of a problem in glycerol rich solvent due to more intense scattering at high g. A series
of trends are apparent for the fitted models: the best fit for SDS micelles in glycerol-rich solvents is an
oblate ellipsoid, wheras water rich-systems can be fitted assuming a prolate ellipsoid.*® This may
indicate that there is an intrinsic property of a solvent, or an interaction between the SDS surfactant
and the solvent, that causes the observed variation in ellipticity, unfortunately this could not be further

explored within this work owing to time constraints.

The core radius of the SDS micelles initially increased minimally in glycerol-rich binary solvents (Figure
5.8 and Table 5.1), with a more dramatic increase being observed when shifting to water-rich solvents.
This was followed by a gradual increase in size as more water was present. The inverse trend in size
versus glycerol concentration is consistent with literature data, which typically show a higher
aggregation number.>® This is typically as a result of reduced interfacial tension between the bulk and
micelle phase, which equates to lower Gibbs energy of micellization that causes lower aggregation
numbers.*3 The Gordon parameter can be used to describing solvent properties (and the ability to form
non-covalent interactions): and is concurrent with the trend in Gibbs free energy of micellization.>*> On
the other hand, the effect of water in glycerol-rich mixtures, if localised near the head group, may have
the potential to increase the interfacial tension in a nonlinear fashion. This would explain the apparent
plateau in core size in the fitted data for the glycerol-rich solvent region. Generally, glycerol-rich
mixtures afforded more polydisperse SDS micelles, although this may be as a result of a lower signal-

to-noise ratio for the scattering patterns.
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Table 5.1: Fitted parameters of the core-shell ellipsoid form factor with Hayter-Penfold structure factor obtained
for 2 Wt.% SDS solutions in glycerol-water mixtures at 60 °C (Figure 5.8). Full fitting parameters are given in
Appendix 8.19.

Wt.% water | Equatorial Polydispersity Aspect Shell Shell SLD Charge HP radius Reduced x2
of solvent core index* [o/rcore] ratio thickness [x10 cm?] (Al
radius [A] (A]

0 113 0.293 0.416 4.83 13.1 6.80 8.99 0.91
10.7 11.9 0.176 0.408 3.87 12.2 3.93 9.61 0.91
20.5 134 0.294 0.648 7.21 12.0 4.22 141 1.40
30.1 10.2 0.073 0.367 7.06 10.9 4.32 11.7 0.98

40 134 0.002 0.503 9.46 10.8 3.85 11.7 0.89
50.5 13.3 0.087 1.58 491 12.0 7.75 16.8 1.82
59.5 14.6 0.122 1.24 2.92 13.2 3.52 115 2.48
69.7 149 0.135 1.29 2.96 133 241 10.0 1.63
80.2 149 0.092 1.57 3.34 12.8 4.18 8.83 1.94

90 15.0 0.075 1.63 3.31 12.9 3.96 9.54 10.02
100 15.7 0.101 1.42 291 131 2.81 12.6 3.84

*Polydispersity index is defined as the core radius standard deviation (o) divided by core radius (rcore).

Due to the high noise, the low g region was more problematic than the mid g range. This manifested in
the wide variation in structure factor fitted parameters, including charge, volume fraction and the
equatorial micelle core radius. Measurements over a lower g range would be greatly beneficial to obtain
more accurate fits. Alternatively, employing the use of component SLD contrast matching such as

contrast variation SANS could be beneficial.3

While the shell radius was expected to remain constant, the fittings reveal an increase in shell thickness
for mixtures of SDS in glycerol-rich binary mixtures. This is reduced to a lower plateau when in water-
rich mixtures (Table 1). Mirroring the trend, is a reduction in the fitted shell SLD. The shell thickness
maximum occurs at 40 Wt.% water, which is at the same point of the SLD minima. This may be explained
by the larger volume that the shell occupies at 40 Wt.% water, when the greater core size is considered.
Finally, it must be noted that the SLD values (at 30 or 40 Wt.% water of solution) for the SDS micelle
shell are below that of glycerol, indicating that the change in size and SLD is more likely the result of

water localisation.
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A conceptual model can be established to rationalise the findings (Figure 5.9a). Glycerol is a
comparatively poor solvent for SDS. In this respect, SDS form small oblate micelles in glycerol only at
elevated temperatures (Table 1). On addition of water, the polarity, and polarisability of the solvent
increases, leading to greater solvation of the SDS head groups and a gradual increase in SDS micelle
size. Although glycerol is highly compatible with water, it competes with SDS (sulfate group), thus
creating a dynamic equilibrium for the water between the surface of the micelle and the bulk solvent.
At low concentrations of water (< 10 Wt.%), the effect on the micelle shell is minimal, but at higher
concentrations more water molecules become localised near the head groups, causing a large,
hydrated thick shell. When water becomes the primary solvent, the hydration layer is less observable,
as the glycerol is dissolved in the water. A similar phenomenon has been verified for scattering
experiments involving proteins in glycerol/water mixtures. In this case partial replacement of glycerol
in the hydrated surface of the protein occurs above 50% glycerol (v/v).*® This aligns with the
experimental fitted SLD results, which indicate a maximum at 60 Wt.% glycerol. Conversely, glycerol
localisation in dipalmitoyl phosphatidylcholine monolayers and liposomes has also been reported in

mixed aqueous solutions,*” which further complicates data interpretation.
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Figure 5.9: a) Representation of fitted micelle shape and structure formed by SDS (2Wt.%) in aqueous glycerol
mixtures at 60 °C. Here the small oblate micelle gradually increases in size with the addition of water, with the
additional hydration of the shell with water, until a water-rich solvent is present whereby larger, more traditional
prolate SDS micelles are observed. B) Variation of fitted shell SLD and shell thickness with water content, indicating
preferential hydration of water about the shell in the 20-40 Wt.% water region. C) Variation of fitted micelle core
radii with water content, displaying a marked increase in size in water-rich mixtures, whereby the micelles also
become prolate. Error bars correspond to the uncertainties in data fitting procedure. A full list of fitting parameters
is given in Appendix 8.19.

While the SAXS data can be used to characterise micelle size and shapes, these findings suggest large
changes in the nature of the micelle structure in aqueous-glycerol mixtures. While much of the fitting
parameters related to the solvent properties have been obtained from literature sources,2264>1 the
large changes in scattering can only be rationalised through changes in micelle morphology. However,
to determine whether the formation of the hydrated shell was a function of concentration, or even

occurred at different concentrations, SAXS was also performed on SDS 4 Wt.% mixtures, at various
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water-glycerol compositions (Figure 5.10). It was considered that the higher concentration of
scattering objects should also increase the scattered X-ray intensity and hence improve the signal-to-
noise ratio. The same fitting procedure was attempted for all samples, yielding a similar trend (Table
2) with slightly more variance. One sample ( 40 Wt.% water of total solvent) could not be modelled
owing to the poor contrast. While this did not occur at 2 Wt.%, it is unsurprising due to the previously
observed SLD variation of the shell. Like lower SDS concentrations, samples at 4 Wt.% exhibited a
reduction in scattering intensity from 20 Wt.% water of solution, with intensity increasing in water-

rich media (60-100 Wt.% water of solution).
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Figure 5.10: 1D SAXS patterns of SDS (4 Wt.%) in glycerol-water solutions at 60 °C, fitted with a core-shell ellipsoid
form factor coupled with a mean spherical approximation (Hayter Penfold) structure factor, with solvent
compositions of a) 100 Wt.% glycerol, b) 9.4 Wt.% water and 90.6 Wt.% glycerol, c) 19.2 Wt.% water and 80.8
Wt.% glycerol, d) 28.9 Wt.% water and 71.1Wt.% glycerol, e) 58.2Wt.% water and 41.8Wt.% glycerol, f) 78.7 Wt.%
water and 21.3 Wt.% glycerol, g) 100 Wt.% water. A full list of fitting parameters is given in Appendix 8.19.

The trends in fitting agree reasonably well with the results obtained for mixtures of 2 Wt.% SDS, albeit
with a larger micelle size, which is expected due to the effect of concentration on the extent of micelle
aggregation.> There were some variations in equatorial core radius in glycerol-rich mixtures, although
this may be due to a relatively weak scattering signal from the sample causing a poor fit. Nevertheless,
the increase in shell thickness coincides with a reduction in shell SLD. The best data fit indicated that
the ellipticity differed in glycerol and agueous mixtures, with oblate micelles dominating in glycerol-rich
media. Mirroring the increase in the equatorial core radius, the micelle charge, which is related to the

SDS aggregation number (Nagg), increases.
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Table 5.2: Fitted parameters of the core-shell ellipsoid form factor with Hayter-Penfold structure factor obtained
for 4 Wt.% SDS solutions in glycerol-water mixtures at 60°C (Figure 5.9). Full fitting parameters and given in
Appendix 8.19.

Wt.% water | Equatorial Polydispersity Aspect Shell Shell SLD Charge HP radius Reduced x2
of solvent core index* [0/rcore] ratio thickness [x10% cm?] Al
radius [A] [A]

0 13.7 0.260 0.608 4.66 13.1 3.27 12.57 1.35
9.4 15.4 0.178 0.668 4.84 12.8 5.13 14.58 1.09
19.2 7.4 0.149 0.492 7.81 101.0 4.79 11.48 111
289 10.0 0.321 0.662 12.33 10.9 3.26 14.21 1.01
58.2 31.2 0.083 2.280 7.08 11.5 16.47 19.51 9.08
78.7 256 0.087 1.635 3.09 13.4 0.10 13.06 2.82
100 26.0 0.066 1.599 3.19 13.1 15.34 20.33 12.82

*Polydispersity index is defined as the core radius standard deviation (o) divided by core radius (rcore).

Figure 5.11 shows similar behaviour for the fitted micelle structure compared to 2 Wt.%, where the
absolute values of the SLD are in close agreement (Figure 5.9b). Absolute shell thicknesses are larger,
notably at 20-30 Wt.% water of solution. This may be because of the higher SDS concentration, with
more sulfate headgroups present per micelle. Nevertheless, the trend appears to hold true at various

SDS concentrations, which is an supports the hypothesis of water localisation within the structure.

While the mean spherical radius presents a more varied spread of data, this can be rationalised by the
fact that the HP structure factor for charged spherical particles is less suitable for the structural analysis
of elliptical particles at higher concentration, and thus can be considered as an ‘apparent’ structure
factor.>>* Kotlarchyk introduced a decoupling method by using a correction factor to account for both
non-spherical and polydisperse micelles,>® while Greene et al. showed that this method is valid for more
spherical or oblate objects at lower concentrations.> It has also been shown that the spherical HP
approximation copes reasonably well for describing SDS micelles with lower ellipticities. In the present
work, the higher noise at low g also affects fitting of the structure factor peak. Therefore, in order to
obtain more representative structure factor fitting, SAXS patterns should be recorded at lower g and

decoupling approximations should be employed.
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Figure 5.11: Representation of micelle shape and structure formed by SDS (4 Wt.%) in glycerol aqueous mixtures
at 60 °C with top) variation of fitted shell SLD and shell thickness with water content, indicating preferential shell
hydration at water concentration of 20-30 Wt.%. Bottom) variation of fitted micelle core radii with water content,
displaying a marked increase in size in water-rich mixtures, whereby the micelles also become prolate. Error bars
correspond to the uncertainties in data fitting procedure.

Overall the fittings suggest that water localises around the surface of an ionic micelle, even in polar
water-miscible solvents such as glycerol. However, SLD variation at different SDS concentrations is
reassuring, suggesting that it is a genuine phenomenon and not a result of a particular concentration.
Following work by Zhao et al.,* specific ions and ionic conditions may alter hydration in glycerol-water
mixtures, and hence it would be worthwhile exploring surfactant analogues with alternative
counterions. More parameters could be measured to improve the accuracy of the models, e.g.
measuring the density of SDS at all glycerol/water ratios through regression of solution density
measurements. Even with the current set of parameters, it is unlikely that the refined SDS density would
change the results significantly. More in depth experiments to probe the nature of water localisation
would be useful, either Raman or infrared (IR) spectroscopy and contrast variation small-angle neutron

scattering. The former should allow detection of different states for the water molecules, which could
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be in turn be used to quantify the amount and locality of water if it is in dynamic equilibrium with the
micelle surface. SANS would enable measurement of the SDS micelle shell composition and/or the

presence and location of water molecules.

Considering the micelle behaviour in the context of crystallization, the localisation of water complicates
matters. For example, above 20 Wt.% water, crystal morphologies of platelets and needles form,
whereas feather crystals form at lower concentrations (>6 Wt.% of solution).#%19 This suggests
viscosity is not the only factor when considering the crystallization habit for glycerol-water mixtures.
Furthermore, does the hypothesised hydration of headgroups disrupt SDS-glycerol cocrystal
formation? SAXS data would need to be collected at lower water concentrations (c.a. 3-6 Wt.% of
solution) to address this question. Moreover, if water does preferentially localise at the SDS head
groups, why are hydrates not more common than anhydrous crystals? It is more likely that the dynamic
equilibrium of water inhibits the SDS-glycerol phase, such that large quantities of water become
associated with the head group only when the volume of water is substantial (but still less than that of

glycerol).

While this work was conducted independently to that of Matthew et al., it is important to rationalise
differences between these findings.” It was reported that SDS forms short cylindrical micelles in
glycerol, which would be a departure of the known behaviour for SDS in water.” While SDS is known to
form ellipsoidal micelles in water, it is possible that the packing parameter cab be altered to further
form cylinders.* Despite overall similarities in shape, an oblate micelle will ‘shield the micelle core more
effectively. In a non-capped cylinder, the core of the micelle may be exposed. When considering the
micelle fit for 4.4 W.t% SDS in glycerol at 70 °C,” the face of the cylinder accounts for ~60% of the total
surface area (Figure 5.12). This seems unlikely as the exposed core would induce restructuring of the

solvent and entropic penalties associated with the hydrophobic effect would be incurred.
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Figure 5.12: Comparison of form factor models for SDS micelles in glycerol at elevated temperatures.”

The behaviour of this ternary mixture of SDS, water, and glycerol is complex, and this initial work
represents a foundation for others to build on. Both micelle and crystal behaviour exhibit novel phase
behaviour and transitions, with the focus being on depth as opposed to breadth of the formulation
space. Nevertheless, the behaviour shown here is unique, and has implications for formulation in more
complex scenarios. Moreover, addition of more polar substances may alter the equilibria observed for
this simple system. However, the formulation sensitivity of some phases, such as the SDS-glycerol phase
in the presence of water has been shown to dramatically alter physical properties, particularly the

rheology (Figure 5.7).

5.2.3. SDS/1-dodecanol/Glycerol — Crystal Phase Behaviour

1-Dodecanol is a key synthetic precursor for many surfactants including SDS.>® It consists of a C12 alkyl
tail with a single terminal hydroxyl group, and it is much less amphiphilic and polar than SDS.
Summerton et al. reported the crystallization of SDS in the presence of 1-dodecanol in aqueous
mixtures: 1-dodecanol acts as a seed causing morphological changes including cocrystallization.>” It is
possible that addition of 1-dodecanol to SDS in glycerol may cause similar behaviour. Furthermore, 1-
dodecanol is known to act as a cosurfactant,>® influencing the packing parameter and hence the micelle
shape.®® Therefore both crystalline and solution structures were studied. This also provided
complimentary data to previous work, while focusing on lower SDS/dodecanol concentrations.®® ~4
Wt.% SDS solutions were studied to emphasise any trends that occurred as a function of SDS/1-

dodecanol molar ratio, while still being industrially relevant. Initially, solutions containing SDS, 1-
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dodecanol and glycerol (Table 3) were heated to 75°C and cooled quiescently. The resulting mixtures

were then studied at room temperature using optical microscopy and DSC.

Table 5.3: Composition of 3 tertiary mixtures containing SDS, glycerol and 1-dodecanol.

SDS [Wt.%] Dodecanol [Wt.%] Glycerol [Wt.%]
SDD1 3.05 0.00 97.0
SDD2 3.80 0.33 95.9
SDD3 3.74 0.97 95.3
SDD4 3.73 1.73 94.5

Microscopy images indicate a significant difference in morphology for each sample. Compared to only
SDS in glycerol, birefringent fibres characteristic of the SDS-glycerol phase become shorter, and less
defined when 0.33 Wt.% 1-dodecanol is included (Figure 5.13a, 5.13b). At considerably higher 1-
dodecanol concentrations (Figure 5.13c, 5. 13d), there is a lower proportion of fibres, which are

replaced by ill-defined clumps.

Figure 5.13: Polarised optical microscopy images of ternary mixtures of SDS, 1-dodecanol and glycerol heated to
75 °C and quiescently cooled overnight. Sample composition shown in Table 5.3 where a) SDD1 b) SDD2 c) SDD3
d) SDD4. In general, a transition from fibre morphology to ill-defined aggregates occurs as 1-dodecanol
concentration is increased, indicating loss of the SDS-glycerol crystal phase.
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The stark change in crystal morphology suggests similar behaviour to the literature data,®” where 1-
dodecanol acts as a seeding agent and crystallizes with SDS. Despite inhibition of the fibre phase
occurring over a narrower concentration range than that observed for water, the SDS:1-dodecanol
molar ratio must be considered. Thus inhibition of this phase is unlikely if 1-dodecanol is merely present
as a minor impurity. However, if the crystal morphology is affected as shown by POM, there may be
implications for gelation owing to the lower aspect ratio morphologies which do not entangle in the
same manner.?’ The microstructure and physical properties of the clumped phase cannot be confirmed
through microscopy alone, and incorporation of 1-dodecanol into this crystal structure is not yet

proven.

The next step for characterising the phases observed in Figure 5.13, was the use of DSC to measure
melting ranges. In water, 1-dodecanol inclusion resulted in an increase in melting temperature for both
1-dodecanol and SDS.*” For SDS, 1-dodecanol and glycerol, there are generalised peak ranges (A, B, and
C) which vary with the 1-dodecanol concentration (Figure 5.14). SDS in glycerol exhibits a single broad
melting peak (Figure 5.15a Peak C), which is indicative of the SDS-glycerol phase at 44 °C. Addition of
0.33 Wt.% 1-dodecanol results in a marginally lower melting range, with a single peak observed at 42
°C for SDD2, although it is more well-defined. This is because of the large crystal aggregate size in SDD1
which melts slower due to the smaller surface area to volume ratio. A shoulder is also observed,
although its origin is unknown. Increasing the 1-dodecanol concentration causes three peaks to be
observed, suggesting a change in crystal phase. While the peak attributed to the SDS-glycerol crystal
phase is present in both samples, this feature is downshifted by 2°C. It is unknown whether this

corresponds to the anhydrous crystal, SDS-glycerol crystal or an SDS-1-dodecanol crystal .
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Figure 5.14: a) DSC melting profile of tertiary mixtures of SDS, 1-dodecanol and glycerol, with compositions shown
in Table 5.3. Three separate and prominent peaks are identified and labelled as A,B,C, corresponding to the likely
transition of 1-dodecanol, SDS-dodecanol cocrystal, and SDS-glycerol or anhydrous SDS crystals. b) Representation
of fitted peak transitions in Figure 13a with different compositions compared against one another. Samples were
initially prepared by being heated to 75 °C followed by quiescent cooling overnight before measurement.
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The presence of two additional peaks (A and B Figure 5.14) most likely corresponds to SDS/1-dodecanol
(B) cocrystal and crystallized 1-dodecanol (A). However, only a single melting point was observed for
SDS/1-dodecanol mixtures in Summerton’s work.>” This is due to the higher solubility of 1-dodecanol in
aqueous SDS mixtures and the heating profile used in this work, where any 1-dodecanol not
incorporated into the SDS structure precipitate and crystallises at 15 °C sample. Additionally, the
relative reduction in peak magnitude (enthalpy) of peak C, and increase in peak A and B, indicates that
the crystal containing SDS (and no 1-dodecanol) is replaced for a cocrystal as 1-dodecanol is increased.
Peak A closely aligns with the literature melting behaviour of 1-dodecanol and peak B aligns with the

melting transition reported by Summerton et al. for the SDS-dodecanol co-crystal.>”¢?

Therefore a transition from the SDS-glycerol crystal to the SDS-dodecanol crystal is likely as the relative
1-dodecanol concentration is increased, according to microscopy observations and DSC measurements.
To confirm this, SAXS was performed on quiescently cooled 4 Wt.% SDS solutions in glycerol containing
varying amounts of 1-dodecanol (Figure 5.15). Two predominant phases were initially identified
throughout the concentration range, which corresponded to the SDS crystal phase (0016= 54.9 A) and
an unknown crystal phase with a dooi-spacing of 35.4 A (001p). Another minor phase was observed at
31.6 A, which is close to the peak found in SDS/glycerol/water (3 Wt. % water of solution), but this

featured was not observed anywhere else.
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Figure 5.15: Tertiary mixtures of SDS (4 Wt.%), 1-dodecanol and glycerol heated to 75 °C and quiescently cooled
overnight. A) 1D SAXS pattens plotted against 1-dodecanol concentration where 00ls is the SDS-glycerol crystal
phase and 00lp is the SDS-dodecanol cocrystal phase. B) Linear trend of reduction in SDS-glycerol phase in
preference to SDS-dodecanol phase as 1-dodecanol concentration is increased. A 1:4 1-dodecanol: SDS mass ratio,
corresponding to a 0.42:1 molar ratio is required for complete inhibition.
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The trend in crystal abundance is linear (Figure 5.15b) with respect to the 1-dodecanol concentration,
with SDS-dodecanol crystals formed in preference to the SDS-glycerol crystal phase. Full inhibition of
the SDS crystal phase occurred with dodecanol concentratios above 1 Wt.% (which equates to SDS
with a 79% purity by mass). However, significant morphological change in crystal habit occurs before
this. The SDS-dodecanol cocrystal phase appears to be non-stoichiometric and differs depending on
the SDS and 1-dodecanol concentrations. This is evidenced by the small yet measurable change in
doo1-spacing (Figure 5.16), where the higher 1-dodecanol concentration produces a marginally larger
bilayer spacing. It can be concluded that 1-dodecanol plays a very similar role in SDS-glycerol mixtures
as it does in SDS-water mixtures in that it acts as a nucleating agent, causing cocrystals with ill-defined
stoichiometry to form. Although small amounts of 1-dodecanol impurity may be inconsequential for
phase behaviour within a formulation, the effect on the SDS-glycerol crystal aspect ratio may cause
loss of entanglement and network formation. Therefore oscillatory rheology should be employed to

determine this effect.
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Figure 5.16: Magnified regions of the doo: peak of the SDS-dodecanol crystal obtained from SAXS data (Figure 5.15),
for tertiary mixtures of SDS (4 Wt.%), 1-dodecanol and glycerol heated to 75 °C and quiescently cooled overnight.
Fitted peak centres show a small but noticeable decrease in peak position, corresponding to an increase in dooi-
spacing as the 1-dodecanol concentration is increased. Peaks contain the following amount of 1-dodecanol, listed
from highest intensity to lowest intensity: 2.05 Wt.%, 1.46 Wt.%, 1.31 Wt.%, 1.05 Wt.%, 0.81 Wt.%, 0.56 Wt.%,
0.28 Wt.%, With the lowest intensity (0.28 Wt.%) sample showing two peak centres.

5.2.4.SDS/1-dodecanol/Glycerol — Elevated Temperature Behaviour
It is equally as important to understand the solution behaviour as well as crystallization because
changes in micelle shape can alter the solution’s physical properties. For example a spherical micelle to

wormlike micelle transition can result in an increase in viscoelasticity.®? SDS (4 Wt.%) and 1-dodecanol
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(up to 2 Wt.%) in glycerol were heated to 60 °C, to allow comparison with previous micelle data. The
fitting was conducted at 0.03 Al< g <1 A, to mitigate the effect of backstop scattering (low g) and
amorphous (high g) scattering. The data were fitted using the core-shell ellipsoid model with a HP
structure factor. This approached indicated an oblate ellipsoid similar to previous measurements. As
absolute intensity calibration was not possible for this dataset; the scale parameter was not fixed but
fitted. Moreover, the SLD change for the micelle shell on addition of 1-dodecanol was treated as
negligible, as the hydroxyl group was considered to make a minimal contribution the shell density due
to its relative small size. All models fitted the scattering patterns to a high degree, although the x? values
increased at high 1-dodecanol concentrations (Table 4). This is due to the increase in scattered

intensity, causing larger absolute values.
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Figure 5.17: 1D SAXS patterns of SDS (4 Wt.%) and 1-dodecanol in glycerol solutions at 60 °C, fitted with a core
shell ellipsoid form factor coupled with a charged mean spherical approximation (Hayter Penfold) structure factor.
Samples contain A) 0 B) 0.28 Wt.% C) 0.56 Wt.% D) 0.81 Wt.% E) 1.05 Wt.% F) 1.31 Wt.% G) 1.46 Wt.% H) 2.05
Wt.% 1-dodecanol. The shift to low q is indicative to core swelling. Full fitting parameters are providedin Appendix
8.20.

All patterns converge at a similar low g value (Figure 5.17) and the peak maxima correlates with the 1-
dodecanol concentration. The shift in these maxima, and hence increase in micelle size (Table 5.4) is

explained by swelling of the core, as well as a reduction in the aspect ratio as the 1-dodecanol
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concentration is increased.®® However, the aspect ratio decreases because the alcohol group aligns at
the glycerol interface. Thid causes a causing slightly lower packing parameter, as the shell is composed

of both primary alcohol and sulfate groups.

Due to the oblate ellipsoid form factor, the spherical HP structure factor is not optimised to account for
non-sphericality,>™ which may slightly alter the fitted parameters. For example, while inter-micelle
repulsion exists due to the presence of charged SDS molecules, the addition of 1-dodecanol should
have a negligible effect on overall micelle charge. However the fitted charge value is observed to
increase (Table 4). It is expected that the inclusion of a decoupling method, may increase the validity of
the fitted structure factor, as higher aspect ratios lead to poorer fits of the data.>® Furthermore, the
scattering from the beam stop causes an upturn at low g which influences the fit, despite the low g
fitting limit used, as evidenced by the lack of upturn in the measurement of SDS (4 Wt.%) in glycerol

(Figure 5.10a).

Table 5.4: Fitted parameters of models composed of a core-shell ellipsoid form factor with a Hayter-Penfold
structure factor for ternary solutions containing SDS (4 Wt.%) with 1-dodecanol and glycerol at 60°C (Figure 5.17).
Full list of fitting parameters is given in Appendix 8.20.

Wt.% Equatorial Polydispersity Aspect Shell Charge HP radius Reduced x2
1-dodecanol core radius index* ratio thickness [A]
[A] [0/rcore] (Al

0 12.64 0.64 0.64 4.12 9.30 9.30 2.14
0.28 13.31 0.75 0.75 3.26 8.93 8.93 2.09
0.56 17.06 0.63 0.63 3.75 11.69 11.69 2.22
0.81 18.60 0.61 0.61 3.56 12.46 12.46 2.36
1.05 16.98 0.72 0.72 3.02 13.03 13.03 8.58
131 20.90 0.57 0.57 3.36 13.53 13.53 4.75
1.46 21.50 0.55 0.55 3.05 13.12 13.12 22.6
2.05 24.25 0.50 0.50 3.10 13.52 13.52 2.14

*Polydispersity index is the core radius standard deviation (o) divided by core radius (rcore).

The fitting parameters show an increase in core radii on addition of 1-dodecanol (Table 4, Figure 5.18).
However, the formation of structures associated with a lower packing parameter (i.e. worms) was not

observed. Instead, a slight reduction in aspect ratio was observed, although this was highly variable.
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This suggests that while affecting the shape of the micelle, the presence of 1-dodecanol influences

micelle shape less than other additives on micelle shape such as salt.®*

The shell thickness slowly and consistently reduced in size up to 25%. This is explained by the presence
of the hydroxyl groups of the 1-dodecanol at the interface, which lowers the average thickness. This
raises questions regarding the decision to fix the shell SLD, as it was expected the effect of 1-dodecanol
on the shell would be minimal. However, this may cause over-parameterization as normalized absolute
intensity measurements were not possible for this dataset. A general trajectory can be envisioned
(Figure 5.18) where the micelles become larger and slightly more oblate and may have the potential

to form wormlike micelles at higher alcohol concentrations.®
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Figure 5.18: Top) Visualisation of micelle fitted size and shape form factor parameters (Table 5.4) for SDS (4 Wt.%),
1-dodecanol and glycerol ternary mixtures at 60 °C. Rationalisation of shell thickness and curvature are visualized
in the packing of SDS headgroups and the 1-dodecanol OH group. Bottom) Fitted parameters from SAXS model
fitting (Table 4) versus 1-dodecanol content. Error bars correspond to the uncertainties in data fitting procedure.
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The data provide some for understanding of the structures formed in the presence of a potential
impurity in commercial SDS, which can cause changes in physical properties and affect product
performance. While the behaviour was well defined at the concentration studied, the measurement of
physical properties, such as rheology, would be invaluable in future experiments to quantify the
difference in crystal morphology. Moreover, the effect of crystallization at different temperatures is

likely to play a large role in crystal formation, which may favour different crystal types.

5.2.5. SDS/Glycerol/NaCl Crystal Phase Behaviour

Inorganic salts are often present in a wide range of personal care formulations, for example to provide
therapeutic benefit in the case of fluoride salts for enamel protection, or the addition of NaCl in
shampoo formulations to form viscosifying wormlike micelles.®>®® SDS (2 Wt.%) glycerol solutions with
added NaCl were prepared in order to determine phase composition and to examine whether the SDS
crystal phase would be inhibited. Solutions containing 1, 2, and 3 Wt.% NaCl were subjected to heating
and quiescent cooling, whereby a higher heating and mixing interval of 100 °C for 1.5 hours was used

to ensure dissolution of NaCl.

The resulting mixtures contain different structures, as indicated by POM studies (Figure 5.19). While
the reference solution showed formation of large crystal fibres, solutions containing salt (Figure 5.19b
to 5.19¢) contain much smaller crystalline aggregates. For samples containing 1 Wt.% and 2 Wt.% NaCl,
fibre morphologies were interspersed with other minor amounts of large platelets. The smaller size of
the fibres suggests more rapid growth, possibly through instantaneous nucleation. Closer inspection of
the sample containing 3 Wt.% NaCl (Figure 5.19c¢, 5.21) indicates the presence of platelets and needles,

thus differing in morphology to that observed for glycerol-water mixtures.
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Figure 5.19: Polarised optical microscopy images of tertiary mixtures of SDS (4 Wt.%), NaCl and glycerol following
heating at 100 °C and quiescent cooling overnight. a) 0 Wt.% NaCl b) 1 Wt.% NaCl c) 2 Wt.% NaCl and d) 3 W.t%
(NaCl). In b and ¢, a fibre morphology is dominant along with a small number of unknown aggregates, where the
crystal aggregate size is much smaller than in zero salt samples. At high salt concentration (d) an entirely new
phase is obtained that does not contain any fibres.

Literature data shows a minimal impact on Krafft temperature when adding small quantities of NaCl to
SDS in water/glycerol mixtures.* DSC studies performed on 4 Wt.% solutions of SDS in glycerol
containing 0.5 Wt.% and 4 Wt.% NaCl showed an increased melting range (+30 °C) at high NaCl
concentrations (Appendix 8.21), although this was still well below the processing temperature used.
This may mean that different crystal morphologies or phases are formed as a result of differing degrees
of undercooling, despite being quiescently cooled. To determine the phase composition, SAXS studies

were performed (Figure 5.21).
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Figure 5.20: Polarised optical microscopy image of SDS (4Wt.%) in NaCl (2 Wt.%) and glycerol solution following
heating at 100 °C and quiescent cooling overnight (same sample as Figure 5.19c). Mixture shows needles and
platelets of indeterminate composition.

A new crystal structure is observed at 3 Wt.% NaCl (Figure 5.21) and is present as a minor constituent
along with the SDS-glycerol crystal at both 1 and 2 Wt.% NaCl. The new crystal structure had a doo-
spacing of 31.5 A (001y) , which is similar to the phase found in mixtures of SDS (2 Wt.%) in 3 Wt.%
water and 97 Wt.% glycerol cooled at 15 °C, as well as the minor constituent found in quiescently cooled
SDS (4 Wt.%) and 1-dodecanol (0.28 Wt.%) in glycerol (d001- 31.9 A). However, it cannot be verified if
the species are the same. It is not obvious what this phase is, as its doo1-spacing does not correspond to
the most common (hydrate or anhydrous) phases of SDS. 8191619 The microscopy images suggest that

this phase is likely crystalline, as opposed to the ‘hexagonal phase’ reported by Matthews et al.?*
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Figure 5.21: Offset 1D SAXS patterns of the tertiary mixtures of SDS (2 Wt.%), NaCl and glycerol following heating
at 100 °C and quiescent cooling overnight. While the sample without salt is comprised of only the SDS-glycerol
crystal phase (001s), samples containing 1 and 2 Wt.% NaCl show low intensity of an alternate crystal type of SDS
(00In), concurrent with microscopy (Figure 5.19). Samples containing 3 Wt.% NaCl contain only an alternative
crystal of SDS, with unknown composition.

The unknown phase exists in all ternary mixtures studied, and therefore cannot be related to anything
other than glycerol and SDS. There are two possible explanations: a hithertoo undiscovered polymorph
of anhydrous SDS or a polymorph of the SDS-glycerol phase. The second is less likely (but possible),
owing to the limited number of geometrical conformations that glycerol and SDS could adopt to satisfy
the doo1-spacing, although this could be compensated by significant tilt in both the primary (lamellar)
and non-primary axis. It was not possible to construct electron density profiles that informed the
structure as the profile from three orders of magnitude did not yield sufficiently high resolution.
Stoichiometry was estimated to be sub-equimolar for the SDS-glycerol phase, which may indicate
different accessible stoichiometries — much like hydrate equivalents. However, it is entirely likely that
the phase could be both anhydrous and polymorphic. Moreover, SDS and NaCl are both sodium salts,
so any change in crystallization from different counterions is not possible.®” However, the crystal may
form as salts are often found at the Stern layer of a micelle,! potentially affecting glycerol-sulfate
interactions. If so, more work would be needed to confirm this hypothesis. Single crystal diffraction (or
powder diffraction) in the wide angle range would provide more structural information because the
higher number of lamellar peaks should enable the construction of detailed electron density profiles to

aid characterisation.
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5.3. Comparison of Crystal and Micelle Behaviour

For molecules containing crystallizable alkyl chains, packing is a key factor in the formation of crystals.
lonic surfactants also have headgroup interactions that can affect crystallization.®® The work shown in
this chapter indicates the wide range of crystallization behaviour dictated by solvent properties and
interactions with the sulfate head group of SDS. It was expected that hydrate crystals would form in the
presence of water. However, this was generally not the case, with preference for the formation of
anhydrous crystals instead. Both NaCl and 1-dodecanol additives induced different crystal structures.
While this was expected in the presence of 1-dodecanol due to the compatibility of its alkyl tail enabling
cocrystallization, the new crystal formed in the presence of NaCl was surprising. The SDS-glycerol phase
was generally kinetically inaccessible in tertiary mixtures with respect to other phases and small
amounts of tertiary additive led to large changes in structure. This has implications for formulation and
design and more precise formulation and processing may be required to target a certain phase. The
nature of the crystal phase was shown to have an impact on industrially relevant physical properties,
e.g. unwanted melting and crystallization of SDS crystals caused by a negative shift in melting point in

the presence of 1-dodecanol. A summary of the primary crystal types is shown in Figure 5.22.

Glycerol crystal

) - N/
- w . 5
\,, \ o Anhydrous crystal
Low water
A b’:’
o ) ‘M content
A -

h Wal‘er Anhydrous crystal

e Y

I_.l & Glycerol/1-dodecanol
' — cocrystal

Unknown 9 ) \
composition | ,

Figure 5.22: Summary of observed crystallization at lower degrees of under-cooling (20 °C and above) for SDS in
glycerol. The effect of different additives on crystal structure and subsequent morphology (habit) are shown. While
all other phases are characterised, the samples containing NaCl require further characterisation in future work.

Somm——"
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Micelle structures at elevated temperature were generally well described by ellipsoidal structures.
Water-rich SDS micelles tend to give prolate ellipsoids, whereas glycerol rich micelles tended to give
oblate micelles. However, often the quality of the data fit between prolate and oblate ellipsoid is similar
and the shape can be almost identical aside from the aspect ratio.®® This is not the only piece of work
to report a tuneable difference in ellipticity based on mixture composition, although micelle ellipticity
in micelles is still debated.®®’° While the proposed shape of the SDS/glycerol micelles is different from
that reported by Matthews et al.,” some commonality is observed in that a shorter cylinder is modelled,
with an aspect ratio of less than unity. One shape that was not considered was a triaxial ellipsoid, which
has been reported to give better data fits than standard biaxial models.”* Oliver et al. showed that
adjustment of the chain length for surfactants, while affecting micelle size, does not alter ellipticity to
alarge degree.”? Packing of the surfactant, with particular focus on head group arrangements, has been
used to rationalise the preferred formation of ellipsoids.?””® This suggests that the effective size of the
surfactant headgroup, which is affected by solvation, could be the key as to why SDS in glycerol forms

oblate micelle (vs prolate in agueous solutions).

5.4. Conclusions

The work contained in this chapter begins to quantify the complex crystallization behaviour that arises
when other compounds are introduced, each with different mechanisms. Water was shown to inhibit
SDS-glycerol crystals, with the predominance of the anhydrous SDS phase above 6 Wt.% water of
solution. This has implications in terms of structuring, as glycerol is hygroscopic and atmospheric water
ingress could cause a change in crystallization for water contents achievable through the humectancy
of glycerol alone.” Isothermal crystallization measurements at different temperatures suggested that
the anhydrous crystal was the kinetic product, with a previously unknown kinetic barrier to SDS-glycerol
crystal formation. It was hypothesised that this was a result of either hydration (of water) at the micelle
surface prior to crystallization, or the interaction between glycerol and water ‘tying up the glycerol’
through a H-bonded liquid network. More likely, water is present in a dynamic equilibrium between the
bulk solvent and micelle surface. SAXS data appeared to agree with this, with glycerol-rich binary
agueous mixtures experiencing greater shell hydration, resulting in a thicker micelle shell with a lower
SLD than expected. Furthermore, a feather crystal morphology, indicative of a high degree of secondary
nucleation, was also observed for anhydrous SDS crystals in solutions with low water contents. This
gave way to needles at 20 Wt.% water of solution. The cause could not be determined but may also be

affected by interactions between water and SDS.
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Shell swelling occurred in SDS micelles at elevated temperatures in mixed solvents for both 2 and 4
Wt.% SDS. While the SAXS data fits at different concentrations were self-consistent, amorphous
scattering at high g, noise at low g, spherical approximation of the structure factor suggest that
numerous experimental parameters could still be improved upon, when revaluating the system. This
could be achieved through scattering experiments with a wider g range. Complimentary techniques
such as SANS and Raman spectroscopy are the next logical step for micelle characterisation, as these

techniques can probe local water structure in greater detail.

The behaviour of 1-dodecanol within the SDS-glycerol system provided a means of understanding the
effect of likely impurities or cosurfactant on cocrystallization and micelle structure. Micelle scattering
was much as expected, with swelling of the core and a modest increase in ellipticity. The formation of
an SDS-dodecanol cocrystal, with layer spacing that was dependant on 1-dodecanol concentration, was
consistent with the findings reported by Summerton et al. for aqueous SDS mixtures.’” The melting
behaviour of SDS-dodecanol cocrystals was the opposite to that reported by Summerton et al., with a
reduction in melting temperature due to the different solvent and Krafft temperature. Future work

should focus on rheological effects, given the drastic change in crystal morphology.

The effect of adding NaCl unexpectedly produced a new crystal type with a different morphology and
doo1-spacing. Many questions still remain regarding the precise composition, but this work certainly
introduces another factor to consider when designing formulations that contain SDS and glycerol. In
the future, better resolved scattering patterns at higher scattering angles should enable electron

density profile reconstruction without the need to form single crystals.
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6. Ternary Behaviour of lota-Carrageenan Glycerol-Water
mixtures, and Implications for SDS Crystal Formation

6.1. Introduction

The majority of structuring polymers in personal care have been designed to work in aqueous systems.*
However, for the characterisation of industrially-relevant polymer mixtures containing glycerol and
water it is essential to understand “low water” formulations. lota carrageenan (L-carrageenan) was
studied in various glycerol-water mixtures, to determine its structure and properties across the
formulation range. Carrageenan shows unique structuring in binary agueous mixtures containing
alcohols and polyols such as ethanol and sugars, respectively. 2 This behaviour is partly associated
with the binding and exclusion of cosolvents to the polymer and is also observed for other
biopolymers.5® There is, however, some debate to the nature of the structure of carrageenan with x-
ray scattering evidence for the formation of double helices.®>'® More recent work using atomic force
microscopy (AFM) indicates the formation of single helices (for (-carrageenan) that can assemble to
form twisted higher order self-aggregated (tertiary) double helices or multiple-chain aggregated
(quaternary) structures (Figure 6.1).1! However, some authors still envision double helices.*? In the light
of this situation, schematic representations of carrageenan are shown as single (rather than double)

helices as it is difficult to probe the precise conformation.

SO;Na
{ P\Co Primary secondary Tertlary Quaternary
ﬁ ﬁ
Polymer coil Single helix Self-aggregated Multiple aggregated
Double helix helixes

Figure 6.1: Structure of i-carrageenan (inset), and its possible hierarchical conformational arrangements.
Depending on the chemical environment and temperature, this polymer can form a single helical structure, which
can in turn either self-aggregate, or form aggregates comprising multiple chains. Figure adapted from Diener et
alt!

Microstructural characterisation by SAXS and microscopy was performed alongside rheology studies,
to understand structure-property relationships for this polymer. Owing to the confidentiality
agreement between the supplier and Unilever, detailed chemical characterisation could not be
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undertaken. However, the polymer can be considered to be a high molecular weight carrageenan with
predominant iota composition (Figure 6.1 inset). Much like SDS, processing can have a large effect on
its structure and properties. Therefore, 1 Wt.% L-carrageenan mixtures were first prepared by
processing at room temperature. This enabled initial characterisation, as well as informing behaviour
prior to any thermal treatment, which could have implications for processing e.g. viscosity effects on
mixing. Following this, 1 Wt.% (-carrageenan mixtures were prepared via an initial heating and mixing
step, followed by quiescent cooling and mixing. The rheological behaviour was then compared to
determine the influence of structure and properties. Finally, the effect of carrageenan on SDS-glycerol
crystal formation (with and without the prescence of water) is studied to inform the direction of future

investigations into structuring.

6.2. Results and Discussion

6.2.1. .-carrageenan/Glycerol/Water- Unheated Processing

Initially, viscosity measurements were undertaken on 1 Wt.% L-carrageenan in a series of binary
glycerol-water mixtures, ranging from 100% glycerol to 100% water. The polymer was studied at an
industrially relevant concentration, most likely corresponding to the semi-dilute unentangled
concentration regime.*>'* During the addition of water or water-containing solvent, clumping of the
powder was observed,® resulting in large agglomerates with a gelled surface due to rapid
solubilisation.'® To reduce the need for high shear dispersants to homogenise such clumped particles,
the polymer was initially dispersed in glycerol before the desired volume of water was added.*® For the
resulting viscosity data, all samples displayed two regions: a zero-shear viscosity plateau and a shear-
thinning region (Figure 6.2). The infinite shear viscosity plateau was not observed for most samples but
this regime may require higher shear rates or higher polymer concentrations.'” Due to the lack of an
infinite shear plateau for the majority of the viscosity curve data, tangent analysis was performed in

lieu of the Cross model. *1°
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Figure 6.2: Viscosity vs. shear rate curves for 1 Wt.% iota-carrageenan in glycerol water mixtures prepared using
unheated processing with solvent compositions of a) 0 Wt.% water and 100 Wt.% glycerol b) 1.0 Wt.% water and
99.0 Wt.% glycerol c) 10.3 Wt.% water and 89.7 Wt.% glycerol d) 20.0 Wt.% water and 80.0 Wt.% glycerol e) 31.3
Wt.% water and 68.7 Wt.% glycerol f) 50.1 Wt.% water and 49.9 Wt.% glycerol g) 75.5 Wt.% water and 24.5 Wt.%
glycerol h) 0 Wt.% water and 100 Wt.% glycerol. Tangent analysis has been attempted (black) to determine shear-

thinning parameters.

The zero shear viscosity degree of shear-thinning, and the onset of shear-thinning were plotted against

the weight fraction of water present in the solvent (Figure 6.3). To complement this, polarised optical

microscopy (POM) studies were performed (Figure 6.3a-6.3,c) to examine the phase behaviour.
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Figure 6.3: Fitted parameters from tangent analysis of the viscosity curves obtained for unheated 1 Wt.% iota-
carrageenan in glycerol/water mixtures (Figure 6.2): (top) zero-shear viscosity, (middle) degree of shear-thinning,
(bottom) onset of shear-thinning. Associated polarised optical microscopy of chosen solutions with a) 0 Wt.% water
and 100 Wt.% glycerol b) 1.0 Wt.% water and 99 Wt.% glycerol c) 31.2 Wt.% water and 68.8 Wt.% glycerol.

The trends in zero shear viscosity (no), degree of shear-thinning (m), and onset of shear-thinning (c) for
1 Wt.% solutions are non-linear in each case, with an asymmetric parabola (or inverse parabola for ¢)
shape (Figure 6.3). The trend in nocannot be attributed to the solvent viscosity, which decreases in an
exponential-like fashion as the (weight percent) of water increases.?’ Therefore the increase and
subsequent decrease in no, as well as the mixtures’ response to shear, is a result of the changing
microstructure of the polymer. Polarized optical microscopy provides further information: birefringent
objects (Figure 6.3a) are indicative of semicrystalline agglomerates and do not contribute to a
meaningful increase in viscosity for these mixtures. The viscosity curve, with n independent of flow rate,
is indicative of a Newtonian fluid and is the expected behaviour for a particulate dispersion. This state
may be kinetically limited e.g. due to poor solvency of glycerol for the polymer compared to water, or
reduced diffusion due to higher solvent viscosity.?! Thus, there is potential for aging effects, where the
partially solvated particles slowly interact further with the solvent and hence increase the solution

viscosity over time.?? Addition of water up to 10 Wt.% of solution resulted in an increase of both m and
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No. This is accompanied by a lower critical shear rate for the onset of shear-thinning. Microscopy
analysis of samples containing 1 Wt.% water indicates that the majority of carrageenan interacts with
the solvent and is not in powder form. At higher water contents, both no and m begin to fall, with ¢
increasing proportionally. The apparent increase in structuring for binary solvent mixtures is also
consistent with solutions/gels of iota and kappa carrageenan in aqueous alcohol and polyol
mixtures.2®232% Parallels can also be drawn between experimental no measurements, and literature
viscometry measurements of sodium carboxymethylcellulose (SCMC), where a parabolic trend is also
seen.?® For SCMC such behaviour can be rationalised in two ways: through synergistic interactions of
glycerol and SCMC,? or the increasing dispersion of SCMC and gradual dissolution of its ionic functional
groups as the water level is increased, leading to swelling followed by dissolution.?®> While either reason
may be the cause of similar behaviour for (-carrageenan, for SCMC there is still some debate regarding
its helical nature,?” whereas it is well known that carrageenan forms a helical secondary structure. The
degree to which helices form is influenced by physical conditions and the presence of other dissolved

molecules such as salt, which has been studied by various authors, 11132830

The physical properties that highlight the changing nature of the carrageenan are exhibited through
viscoelasticity measurements. An increase in G’ suggests an increase in a network-type structure that
yields gels and viscous solutions. This property was probed using frequency sweeps for the 1 Wt.%
solutions, with the rheometer operating in oscillatory mode (Figure 6.4). Due to the highly viscoelastic
nature of these solutions, a rheometer with a vane and cup instead of the standard cone and plate
geometry (which is used for viscosity curves) was used in order to minimise wall slippage at high
frequency oscillations.® This did not manifest within the steady shear measurements where no slip
type behaviour was seen.?* The frequency sweep showed a liquid-like solution in glycerol, with G”
dominating at all frequencies. The introduction of water led to higher G’ and G” values, indicating
interactions between the polymer and the solvent. At 24.2 Wt.% water of solution, G’ dominated at
most frequencies, although G’ fell below G” at low frequencies. Although the material displays gel-like

behaviour, it is not a true gel, because G’ does not dominate at all frequencies.

Nevertheless, the structuring that can be obtained by simply tuning solvent parameters is considerable.
In water-rich solvents, the solutions become dominated by G”” once more, while still retaining higher
G’ values than those in glycerol. As with the trend in viscosity for the flow sweep measurements, the
solvent viscosity contributes to lower G”” values as the water content is increased, although it is not the

sole factor.
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Figure 6.4: Frequency sweeps for unheated solutions of 1 Wt.% iota carrageenan in glycerol-water mixtures
containing a) 0 Wt.% water and 100 Wt.% glycerol b) 5.5 Wt.% water and 94.5 Wt.% glycerol c) 24.2 Wt.% water
and 75.8 Wt.% glycerol d) 100 0 Wt.% water and 0% glycerol. Open symbols indicate anomalous results from by
flow instabilities and should be disregarded .

Considering the rheological and microscopy findings, and in the context of previous studies on
carrageenan, it is clear that distinct changes in the structure of unheated polymer solutions occurs
within relatively small changes of solvent composition.®>?* Furthermore, as both the viscosity and
viscoelasticity changes considerably, these results have implications for structuring within more
complex formulations. The high G’ values observed for glycerol-rich, agueous-mixtures suggest network
formation: G’ and G” are essentially parallel over three orders of magnitude in frequency suggests an
incipient chemical gel — i.e. is a percolated gel.3*3> although the conformation of the polymer in this
network cannot be fully understood by rheology alone. However, SAXS analysis was performed on these
carrageenan solutions (Figure 6.5), in order to understand the change in polymer conformation with

varying solvent.

The resulting 1D scattering patterns (Figure 6.5) show three distinct regimes as a result of different
microstructures. Firstly, in glycerol alone, a decay in intensity following a power law is observed with

an exponent value of n = 3.3. This corresponds to scattering from surface fractals (or the scattering
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from a diffuse interface of particles) observed from the powder agglomerates observed by microscopy
(Figure 6.3). The scattering analysis confirms that the amount of dissolved polymer is minimal, given
the lack of any scattering from dissolved chains or ionic repulsion associated with polyelectrolytes.
Furthermore, for the processing method used here, behaviour mirrors the dry powder state envisioned
by Ramakrishnan and Prudhomme for k-carrageenan in glycerol.> The second scattering motif appears
to be a transition region, in which particle agglomerates are present alongside swollen (or partially
disaggregated) polymer, in samples with a water content of 1-4 Wt.% water of solution. This can be
identified from two features: the presence of fractal scattering causing a power law intensity decay of
~1.5-3 at low g (corresponding to powder agglomerates in microscopy as well), and the emergence of
a typical ‘polyelectrolyte peak’ at higher g. This peak is a structure factor which occurs due to ionic
repulsion from the sulfate functional groups within the carrageenan.®’ For unheated samples, water
increases solubility and, at low levels, the amount of solubilised carrageenan is proportional to the
water concentration. However, this trend does not follow the concentration/correlation length
relationship associated with semi-dilute polyelectrolytes (correlation length o c¢?).383° The result is
consistent with the lower concentration of birefringent particles observed by microscopy analysis of
the solution containing 1 Wt.% water (Figure 6.3b). It can be inferred that the reduction of birefringence

corresponds to solubilisation/disaggregation of the polymer.
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Figure 6.5: SAXS patterns of 1 Wt.% (-carrageenan solutions in glycerol-water mixtures, ranging from 100 Wt.%
water of solution (top) to 100% glycerol (bottom). Initially surface fractal scattering is seen in glycerol solvent with
a power law exponential decay (n=3.3). As small amounts of water are added, the scattering patterns display
mixed fractal and polyelectrolyte scattering in solvent mixtures containing up to 3.9 Wt.% water and 96.1 Wt.%
glycerol with a varying low q power law exponent (n=1.5 to n=2.9). Finally semidilute polyelectrolyte scattering,
containing a structure factor peak equating to the correlation length of the polymer solution, £, is observed for all
other scattering patterns at higher water contents. A general positive trend between water content and the
scattering vector of £ is shown in blue, resulting in a real space decrease. Data are offset by a factor of three for
the sake of clarity.

At higher water contents, a third scattering motif is observed, which displays typical semi-dilute
polyelectrolyte scattering,*® i.e a dominant peak at higher g.*! Intensity scaling at low g is difficult to
distinguish from the noise so analysis of this region was not performed. However, the slope in this
region could indicate some form of aggregation.??#>*3 Polyelectrolyte solutions are often envisioned as
‘meshes’, where extended ‘rod-like’ polymer conformations arrange themselves to minimise
electrostatic repulsion.*”® The polyelectrolyte (structure factor) peak represents the correlation length

(€) that describes the mesh ‘pore size’ (Figure 6.6) and can be determined from the position of the peak

: 2 . , .
maxima (where & = 7”). For these data, a generalised trend can be observed in the reduction of
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correlation length as a function of water content of solution (Figure 6.6). However, this is nonlinear and
follows a generalised exponential curve. At 1 Wt.% water in the solution, the longest correlation length
is observed. The amount of solubilised polymer is relatively low at this stage and the subsequently small
amount of dissolved sulfate groups can arrange themselves over large distances to satisfy Columbic
repulsons. However, when the water content is increased from 1 to 3 Wt.%, the correlation length
decreases dramatically by ca. 20%, corresponding to the increased concentration of solvated polymer.*
Thereafter, this the reduction in correlation length is more gradual. Considering the initial microscopy
data (Figure 6.3), it can be assumed that the majority of the polymer is no longer in ‘powder form’ and

instead interacts with the solvent to some degree above 4 Wt.% water of solution.
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Figure 6.6: a) Real space correlation length (§) calculated from polyelectrolyte structure factor peak maxima in
SAXS scattering profiles (Figure 6.5) of t-carrageenan (1 Wt.%) in glycerol/water mixtures (unheated processing),
plotted against the weight fraction of water in the solution. Visualisation of correlation length in semi-dilute
polyelectrolyte solutions using the mesh model, where polymer chains orientate to minimise electrostatic
repulsions with neighbouring chains containing ionic functional groups.**#!

The unusual structuring of biopolymers in mixed solvents requires an explanation not only in terms of
increasing dispersion and solubilisation of polymer, but also in terms of the contribution of the solvent
quality and the highly nonlinear rheological behaviour. While many binary solvents act as a
homogeneous mixture, some authors have sought to explain the changes in microstructure of the
polymer in the context of the changing solvent quality and solvent localisation.”®?* For example,
Stenner et al.® utilized Kirkwood-Buff theory to rationalise gelation’ through a coil to helix conformation
change, which allows for preferential exclusion of cosolvents.® In water-rich regions, the coil phase

dominates, and polyols are excluded from the surface of the carrageenan. Conversely, helical motifs
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become the prevailing structure in glycerol rich media, where polyols preferentially bind to the helix
due to the exposed less polar helical backbone, compared to the charged functional groups that are
better solvated by water. This concept was previously used to rationalise the increase in gel strength
that occurred on addition of ethanol to iota carrageenan mixtures.?® However, for semi-dilute polymers
at concentrations below the critical entanglement (c*< ¢ <ce), large changes in viscosity and
viscoelasticity are unlikely to occur in the same manner for carrageenan. Moreover, larger changes in
correlation length would be expected if the polymer chains were simply expanding as a result of

increasing solvent quality.**

Kirkwood-Buff theory accounts for earlier results within this chapter and provides an explanation for
property changes that occur with solvent composition. In glycerol alone, a powder suspension exists,
which is kinetically limited and cannot confer structure. The addition of water enables solubilisation
(and hence conformational change) of the polymer; with a stiff helical network that begins to viscosify
and ultimately gels the mixture. As the water content increases, a higher proportion of carrageenan
exists as chains, with the network becoming more flexible. These changes are facilitated by the
preferential exclusion of water at low concentrations and the exclusion of glycerol at high water
concentrations (Figure 6.7). One incongruous element is the increase in correlation length observe for
samples containing 75% water of solution and 100% water, where a plateau (or decrease) might be
expected. While the majority of analyses were conducted in glycerol-rich media, more comprehensive
analysis in water-rich media might explain this potential anomaly. It is also unclear whether ternary and
quaternary carrageenan superstructures exist within the system.!! In principle, this could be probed

bythrough atomic force microscopy (AFM) analysis.
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Figure 6.7: General schematic of t-carrageenan microstructural behaviour in (1 Wt.%) glycerol/water mixtures
(visualised as orange for glycerol and blue for water). a) In glycerol alone, the material exists as powder
agglomerates and there is limited interaction with the solvent. b) In glycerol-rich ( <25% Wt.% water) solutions,
the majority of polymer exists as stiff helices, facilitated by preferential binding of glycerol along the secondary
structure, which results a network like arrangement responsible for viscosifying solutions. C) As the water content
is increased from 25 to 50 Wt.% water, more polymer exists in coil form, resulting in a less stiff network with lower

aggregation. D) in water-rich (> 50 Wt.% water) mixtures, this network structure is lost, and a high proportion of
the polymer exists in its coil form, with little aggregation and more typical ‘sol like” behaviour.

6.2.2. -carrageenan/Glycerol/Water- Heated Processing

Carrageenan is known to undergo large changes in structure with temperature, so it was investigated
whether heated samples displayed similar rheology and structure as that of unheated samples. While
processing of materials often involves heating, ambient temperature processing is still relevant because
a rapid viscosity increase could affect mixing rates.* Carrageenan is known to form molecularly
dissolved chains (coils) on heating, both in glycerol and water.® Therefore, it is only on cooling that the
polymer changes conformation (e.g. from helices), potentially gelling mixtures. To test the impact of
heating on physical properties and structure, 1 Wt.% L-carrageenan solutions were prepared via a
heating step. After cooling to room temperature and subsequent mixing, the viscosity curves of the

resulting solutions were measured (Figure 6.8) and the data were correlated with POM images.
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Figure 6.8: Viscosity curves of 1 Wt.% (-carrageenan in glycerol water mixtures prepared using a heated processing
stage with compositions of a) 0 Wt.% water and 100 Wt.% glycerol b) 1.0 Wt.% water and 99.0 Wt.% glycerol c)
10.3 Wt.% water and 89.7 Wt.% glycerol d) 20.0 Wt.% water and 80.0 Wt.% glycerol e) 31.3 Wt.% water and 68.7
Wt.% glycerol f) 50.1 Wt.% water and 49.9 Wt.% glycerol g) 75.5 Wt.% water and 24.5 Wt.% glycerol h) 0 Wt.%
water and 100 Wt.% glycerol. Tangent analysis has been attempted (black) to determine shear-thinning
parameters.

A parabolic trend for both noand m was observed (Figure 6.9), with c displaying a similar trend as the
data obtained for unheated samples. However, relative to unheated samples large differences were
observed pure glycerol and also for solutions containing just 1 Wt.% water of solution. In both cases no
increased: by a factor of around four for glycerol (from 2 Pa.s* to 7.5 Pa.s ) and a factor of twenty for
solutions containing 1 Wt.% water of solution (from 12 Pa.s™ to 270 Pa.s™ ). All other solvent mixtures
showed generally similar viscosities. This suggests that heating causes significant changes in the
microstructure of carrageenan at low water concentrations.® For comparison, the heated solution
containing 1 Wt.% water had a degree of shear-thinning, m, that was almost double that of its unheated
counterpart. Moreover, the behaviour of the glycerol solution was transformed from a Newtonian
dispersion of solid particles to a shear-thinning polymer solution. The corresponding POM images
shown in (a) clearly indicates that there are still some particles present, but the onset of shear-thinning

also demonstrates that there is significant polymer in solution at concentrations above c*. For other
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samples in glycerol-rich solutions (< 50 Wt.% water of solution), heated samples exhibited marginally
higher m, although values were similar in water-rich solvents (> 50 Wt.%). This may be due to the
homogeneous nature of the heated samples, in contrast to the particulate domains observed for
unheated samples. Finally, while the polymer in pure glycerol displayed similar values for onset of
shear-thinning, the heated solution containing 1 Wt.% water gad a c value of 0.07 s*as opposed to 0.56

st while other solvent compositions showed similar behaviour.
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Figure 6.9: Fitted parameters of tangent analysis performed on viscosity curves of unheated 1 Wt.% t-carrageenan
in glycerol/water mixtures (Figure 6.8): top) Zero shear viscosity middle) Degree of shear-thinning bottom) Onset
of shear-thinning. Associated polarised optical microscopy images for chosen solutions with a) 0 Wt.% water of
solution b) 1.0 Wt.% water of solution c) 31.2 Wt.% water of solution.

The large difference in rheological behaviour at low water contents can be attributed to a change in
the degree of dissolution of the polymer, which is limited when unheated. POM analyses confirm this,
where samples heated in glycerol resulted in a significant reduction in birefringent agglomerates (Figure
6.9a), equating to dissolution of the majority of the polymer chains. It is likely that a more stringent
heating/shear regime would lead to greater polymer dissolution, and the zero shear viscosity would
increase proportionally to the sample containing 1 Wt.% water. Since a small number of particles were

observed in unheated solutions containing water (Figure 6.9b,c) it can be concluded that most
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carrageenan particles melted to form coils upon heating and on cooling formed network-like aggregates
that causes the structuring behaviour. The fact that a parabolic or plateau in viscosity is still observed
despite heating and cooling indicates that the viscosifying interaction with the solvent is independent
of processing parameters (although it may be kinetically limited at very low water contents). As
rheological behaviour in water-rich solutions is identical, and SAXS analysis of unheated solutions
suggest similar structures, it can be concluded that this formulation region is minimally impacted by
processing. SAXS was therefore performed to compare heated and unheated solutions of (-carrageenan

(1Wt.%) in glycerol to understand the differing rheological (and microscopy) behaviour .
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Figure 6.10: 1D SAXS patterns of (-carrageenan (1 Wt.%) in glycerol, prepared with (red) a heating step during
processing and without (black). The SAXS pattern from the unheated sample is indicative of fractal scattering,
whereas the heated sample displays a polyelectrolyte structure factor peak resulting from ionic repulsions of
dissolved polymer. Low q power law scaling with an exponent (n) of 1.8 is observed in heated solution and may
result from inhomogeneities arising from un-melted powder agglomerates.

A power law dependence (n = 3.3) corresponding to fractal scattering is observed for the unheated
solution (Figure 6.10), while a polyelectrolyte type scattering motif is observed for the heated solutions,
in addition to a low g power law intensity decay (n = 1.8). The low g slope in the heated sample is most

likely the result of inhomogeneities relating to scattering from powder agglomerates, as well a partial
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contribution from clustering of chains or helices.*? The structure factor peak corresponding to the
correlation length is similar to that for the unheated solution containing 3 Wt.% water. However, the
correlation length is far shorter for the heated solution than the unheated solution for 1 Wt.% water.
By extension, a reduction in correlation length for the heated solution containing 1 Wt.% water may
occur, although this needs to be confirmed by future work. Nevertheless, it appears that a network
structure exists for all heated glycerol-rich solutions, whereas increasing amounts of soluble polymer
coils are obtained at higher water contents. When no water is present, it appears that meaningful
structuring only occurs on heating and cooling, which may be desirable to improve processability.
However the -carrageenan tests showed the highest viscosifying properties in glycerol-rich aqueous

glycerol mixtures.

6.2.3. Effect of (-Carrageenan on Phase Composition of SDS /Glycerol/Water Mixtures

The crystal formation of SDS in glycerol/water mixtures showed high sensitivity to water, with the
dominance of the anhydrous SDS crystal phase in place of the structuring SDS-glycerol phase above 6
W1t.% water of solution (see Chapter 5.2.1). A complex interplay between -carrageenan, SDS and water
can therefore be envisioned in terms of structuring. In particular, loss of structure could occur via
preferential formation of an anhydrous SDS crystal (rather than the SDS-glycerol phase) in the presence
of water, which could be offset by the greater structuring conferred by the carrageenan. Alternatively,
with the potential for water molecules to localise around the polymer chains, it is also possible that the
phase behaviour of SDS may be altered owing to the activity of the water, leading to differing crystal
states. To examine his hypothesis, quaternary mixtures containing SDS (2 Wt.%), -carrageenan (1
W1t.%), glycerol and water were prepared and subjected to heating and subsequent quiescent cooling.

Moreover, microscopy was conducted to further explore the nature of the resulting crystal phases.
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Figure 6.11: 1D SAXS patterns of SDS (2 Wt.%) and t-carrageenan (1 Wt.%), in glycerol-water mixtures heated to
75 °C and cooled quiescently overnight. Solvent composition varied from 100% glycerol (red), 3 Wt.% water and
97 Wt.% glycerol (blue), and 6 Wt.% water and 93 Wt.% glycerol (green). Solutions in glycerol alone exhibit SDS-
glycerol phase (001s) formation predominantly, corresponding to ribbons observed by microscopy, as well as a
minor fraction of unknown crystal (001u). In 3Wt.% water and 97 Wt.% glycerol, the mixture contains both SDS-
glycerol phase and anhydrous SDS (0014), similar to results in the absence of carrageenan. In and 6 Wt.% water
and 93 Wt.% glycerol, the anhydrous crystal phase dominates, similar to mixtures prepared without any
carrageenan. The anhydrous crystal phase is found to form unusual, jagged needles, which has not been seen
before. SAXS patterns are offset for comparison.

Initially, the introduction of carrageenan in SDS and glycerol (only) mixtures led to the formation of the
usual SDS-glycerol crystal phase, with associated ribbon formation. However, minor crystal phase was
alsoobserved (00, Figure 9a), which had the same doo1-spacing as that observed for ternary mixtures
of SDS/glycerol/NaCl (Figure 19 Chapter 4). This illustrates the subtle effect of additional ionic species
even in non-aqueous systems . A lamellar ordering of the other “u” crystal phase was also observed
with first, second, and third order peaks (Figure 9). Matthews et al.*® reported a hexagonal phase for a
similar scattering pattern in SDS and glycerol, although identification of this phase microscopically is
challenging, and images captured at higher magnification indicated semi-translucent particles (Figure

6.12). It is not known whether these particles are platelets correspond to the crystal phase, or swollen

polymer aggregates. Small birefringent platelets could be distinguished in some instances; so this
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mixture may contain both. Moreover, the change in crystal type caused by carrageenan was surprising,

given the similarity of its ionic sulfate groups to the SDS headgroup.

Figure 6.12: Microscopic evidence for alternate crystal motifs observed in mixtures of SDS (2 Wt.%), (-carrageenan
(1 Wt.%) in glycerol following heating and quiescent cooling. Red circles indicate non-ribbon species which are
either carrageenan particles or an alternative crystal phase.

Much like results collected in the absence of polymer, the addition of water appears to disrupt SDS-
glycerol crystal formation, with mixtures containing 3 or 6 Wt.% water of solution yielding similar
amounts of each crystal type (Chapter 5.2.1). In both cases, anhydrous SDS crystals form as before.
Thus it can be concluded that, despite the preferential exclusion of cosolvents, the addition of (-
carrageenan has little effect on phase abundance with respect to the anhydrous phase and the SDS-
glycerol phase. Interestingly, it appears that the additional unknown crystal phase (001, =31.7 A) also
disappears in the presence of water. The same mode of inhibition may be relevant for this crystal type
as well as for the SDS-glycerol phase. This also raises a question regarding the composition of this phase
and whether it contains glycerol. However, higher resolution diffraction data at a wider g range would
be necessary to resolve this issue. Finally, the generalised habit of the crystal formed in the presence
of 6 Wt.% water is different from solutions containing no polymer. Without (-carrageenan; a feather-
like or platelet/needle could be observed, but jagged planar rods are are the only species (Figure 9c).
This suggests that while carrageenan does not inhibit anhydrous crystal formation, as there may be a
secondary effect on the macroscopic structure. Crystal growth in gels and polymers is an established
field.*” Many paramters can influence growth, including viscosity, convection currents and adsorption.
44849 This chapter acts as a starting point for further exploration of this field with respect to the effect

of biopolymers on SDS crystallization.
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6.3. Conclusion

(-Carrageenan, a commercially available naturally-derived biopolymer, enhances the viscosity of
glycerol-rich aqueous media. In this chapter, enhanced structuring occurred more or less regardless of
processing history. This is similar to behaviour reported for other carrageenan species and
polysaccharides such as SCMC3?>2%33 dissolved in binary aqueous mixtures containing alcohols or
polyols. Such behaviour could be rationalised through preferential binding or exclusion of cosolvents.
This the conformation of the polymer, transitioning from helices to chains in the presence of increasing
water content, affecting both the network formation and aggregation in the mixture.#%324 SAXS analysis
indicated the largest changes were observed for unheated samples with low water contents (<10 Wt.%
water of solution). In this case a change from powder aggregates to dissolved polyelectrolytes was
observed, and a transition region in which both co-existed for unheated solutions containing 1-4Wt.%
water. At higher water contents, scattering was typical for that of dissolved polyelectrolytes. However,
shorter correlation lengths corresponding to a reduction in mesh size were observed, which indicates
conformational changes. Despite many rheological similarities, samples subjected to heating exhibited
markedly higher viscosity and shear-thinning behaviour at low water contents (1 Wt.% water or lower),
which is explained by partial dissolution of the polymer (as confirmed by SAXS). More stringent
processing, including longer heating times or higher temperature, would most likely ensure full

dissolution of the polymer.

The presence of carrageenan in SDS/glycerol/water mixtures had little effect on the structure of the
aqueous SDS crystals (as opposed to the SDS-glycerol phase) when quiescently cooled. However, habit
modification from feather-like crystals to jagged needles was observed. Furthermore, when the SDS-
glycerol phase was present, it appears that SDS crystals, previously reported for SDS/NaCl/glycerol
solutions, are a minor component. Further characterisation of such lamellar crystals with and without
polymer is the next logical step for determining the phase composition. Controlled cooling would allow
for more detailed analysis of crystal composition, kinetics, and formation. Much is still to be explored
with regard to the behaviour of carrageenan in solution. Fitting am appropriate model to SAXS data,
such as the ‘string of beads’ model,>>>? or others,* should enable better characterisation of both the

form factor and the structure factor of the sample without additional experimentation.
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7. Conclusions and Future Work

The aim of this work was to characterise the effect of non-aqueous and mixed-aqueous solvents,
predominantly containing glycerol and water, on commonly used surfactants, polymers, and their
corresponding analogues. This was undertaken to develop the understanding of the constituent
materials in personal care formulations such as toothpaste. Detailed characterisation has been
achieved for sodium dodecyl sulfate, in glycerol/water mixtures at different temperatures. The effect
of addition of electrolytes and alcoholic cosurfactant on the microstructure and phase behaviour has
also been studied to simulate complex industrial formulations. Finally a common structuring
biopolymer, -carrageenan, has been investigated in water-glycerol mixtures with and without SDS.
SAXS and optical microscopy were used to probe the microstructure of such systems, with such studies
being supplemented by infrared spectroscopy and WAXS data. Rheology was used to quantify the

physical properties of the resulting mixtures.

SDS in glycerol was shown to be crystalline at room temperature due to its lower solubility in glycerol
compared to aqueous solutions. Formation of an SDS-glycerol crystal phase was confirmed by the
presence of ribbon-like crystals following quiescent cooling in solution, which cause gelation at 2 Wt.%
SDS and above. By utilising diffraction data from SWAXS experiments, it was possible to characterise
the microstructure of the SDS-glycerol phase through reconstruction of the electron density
distribution along the crystal bilayer. It was found that the SDS-glycerol phase forms SDS bilayers, as
well as distinct sublayers 7 A wide that contain glycerol. The nature of the sublayer was explored
through the formation of homologous n-alkyl sulfate-glycerol crystal phases for even chain surfactants
ranging from C12 to C18. Systematic dooi-spacing was observed, confirming the presence of a fixed
glycerol sublayer. However, it was not possible to obtain pure samples for the homologous series, which
resulted in mixed crystal phases. In the future, higher resolution SAXS patterns could be achieved by
using higher purity surfactants, thus enabling the reconstruction of electron density profiles. Detailed
structural analysis of the SDS-glycerol phase could also be conducted through single-crystal diffraction

experiments.

A similar co-assembled structure analogous to the SDS-glycerol phase was formed in mixtures of
sodium tetradecyl sulfate (C14) and ethylene glycol. This suggests that high densities of hydrogen
bonding and efficient packing at the surfactant headgroup are key factors for co-assembly. Further
evidence for this is the lack of co-assembly exhibited by sulfonate-polyol crystals and alkyl sulfate-
propylene glycol crystals, which are structurally similar. The work undertaken in this thesis provides
initial design rules for the systematic screening of surfactant-solvent mixtures, with a view to
understanding their co-assembly.
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Mixtures containing the SDS-glycerol crystal phase were shown to be highly sensitive to shear, as
gelation is facilitated by the high aspect ratio of the crystalline ribbons, which are brittle and can break
easily. Cooling temperatures had less impact than expected on the rheological behaviour, with similar
viscosity curves and frequency response. Frequency sweep measurements indicated a crossover for G’
and G” at high frequencies for samples of SDS (2 Wt.%) solutions cooled at 20 °C and 10 °C. Samples
cooled at 0 °C did not exhibit this behaviour. Future work should examine concentration effects on the
SDS-glycerol rheology. SIPLI measurements indicated that at constant high shear, the material broke
down and aligned parallel to the shear field. This behaviour may have important implications given the

high shear nature of toothbrushing.

At concentrations relevant for industrial formulations, the Krafft temperature (or critical micelle
temperature) was significantly higher than that at the Krafft point, when measured from melting points
using DSC. The melting range shows there is potential for instability within a product formulation if

large temperature fluctuations occur during storage.

The dramatic loss of the SDS-glycerol phase in the presence of small quantities of water showed the
sensitivity of the system to modest the changes in the formulation. In most cases, the SDS-glycerol
phase was replaced with the kinetically favourable anhydrous crystal. The loss of the SDS-glycerol phase
resulted in a reduction in viscosity and shear-thinning behaviour due to loss of the network formation.
Formation of anhydrous (rather than hydrated crystals), and the change in crystal habit and type is
complex. It is likely that specific interactions between glycerol and water (as well as SDS and water)
leads to an equilibrium, with water actively disrupting the formation of SDS-glycerol complexes in the
crystal. Solvent viscosity may also play a role both the in crystal habit and the rate of formation. Future
work should examine crystallization at significantly higher SDS concentrations to determine whether
the crystal behaviour is a function of SDS-water or glycerol-water mass ratios, or both. The implication
for an industrial formulation is that reliable creation of the SDS-glycerol phase may be hampered by
water ingress which can occur accidentally, for example, because of the highly hygroscopic nature of

the formulation.

SDS forms small oblate ellipsoidal micelles in glycerol (aspect ratio = 0.4 for 2 Wt.% SDS), compared to
larger prolate ellipsoid micelles in water (aspect ratio = 1.7 for 2 Wt.% SDS) at the same temperature.
The smaller size in the former case is expected due to the increased ionic repulsion of the headgroups
in less polar solvents. In water-rich binary mixtures, the micelles were generally similar in shape and
aspect ratio irrespective of the solvent composition. However, glycerol-rich binary mixtures exhibited a
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reduction in shell SLD and an increase in core size from 20-40 Wt.% of solution, which is attributed to
hydration of the shell by water. The same behaviour was observed in both 2 and 4 Wt.% solutions of
SDS and can be explained by the same dynamic equilibrium of the water between micelle surface and
the solvent, which influences crystallization behaviour. This can be confirmed by either studying the
water environment, for example by Raman spectroscopy, or by further studying the micelle
parameters, for example by SANS, where contrast variation can be exploite. Collection of SAXS patterns
at lower g, as well as implementation of a decoupling method for the structure factor to account for

non-sphericality may also improve fit quality.

Similar research into SDS/glycerol mixtures was independently conducted by Matthews et al. and while
there are many similarities in morphology and rheology, these workers proposed a different
microstructure and degree of crystallinity. More specifically, Matthews et al. suggested that this phase
was paracrystalline, or microfibrillar. The small and wide angle scattering data, as well as the IR spectra
presented in this work, suggest the opposite, with a high degree of crystallinity being observed for both
SDS and glycerol. Moreover, electron density distribution reconstruction provided a robust method that
afforded more information on structure, while still in agreement with the literature value for the
sublayer thickness within the SDS/glycerol phase. At elevated temperatures, fitting small angle
scattering data to micelle models yielded structures with similar size parameters but different shapes.
In particular, this work found that an oblate core-shell ellipsoid was most appropriate, compared to the
short core-shell cylinder reported in the literature. This is because the high surface area exposed to the

solvent, would cause an entropic penalty due to the hydrophobic effect in the latter case.

Addition of 1-dodecanol for SDS/glycerol mixtures led to similar observations to those reported by
Summerton et al. for concentrated aqueous SDS solutions. More specifically, SDS co-crystallized with
1-dodecanol to form ill-defined aggregates. Gradual disruption of the SDS-glycerol phase in favour of
the SDS/1-dodecanol phase occurred on addition of 1-dodecanol, and the formation of large ribbon
crystals was inhibited in place of ill-formed aggregates. Cocrystallization had the effect of lowering the
melting temperature of the surfactant, although multiple DSC peaks could be observed. 1-Dodecanol
acted as a cosurfactant at higher temperatures, causing the micelles to swell and become more oblate.
Future work should focus on the effect of addition of 1-dodecanol on the rheology of SDS in glycerol.
Another compound that influences the crystal structure of SDS is NaCl, which also inhibited formation
of the SDS-glycerol phase. However, a new crystal formed instead with a dooi-spacing shorter than that
of anhydrous SDS. With no observable higher order diffraction peaks, it was not possible to discern
structure from electron density profiles. Further exploration of this phase is essential for discerning

whether added electrolytes in the stern layer affects co-assembly.
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The behaviour of -carrageenan in glycerol/water solutions was in good agreement with the literature,
where enhanced structuring occurs in agueous alcoholic solvents. A wide range of solvent compositions
was examined, revealing a parabolic trend for zero-shear viscosity and the degree of shear-thinning
from viscosity measurements, with maximum structuring occurring at 20 Wt.% water of solution. This
is most likely achieved by network formation caused by a coil to helix transition facilitated by
preferential exclusion of cosolvents, as rationalised by Kirkwood-Buff theory. SAXS and microscopy
studies indicated that for unheated samples, low water contents led to partial dissolution of the
polymer, with particles remaining in the solution. Heating the sample reduced this inhomogeneity, with
the polymer dissolving on heating and forming the network of helical aggregates on cooling. Hence,
heated samples showed stronger rheological structuring at low water contents. At higher water
contents (>30 Wt.% water of solution), the rheological behaviour was very similar for unheated and
heated samples. The rapid solubilisation and viscosity enhancement in the presence of water must be
considered for industrial production. Future work should examine the effect of crosslinking salts such
as calcium, which would allow determination of whether the effect of solvent remains constant or can
be negated by ionic crosslinking. However, modelling SAXS patterns already collected should provide
valuable structural information. Combined with rheological measurements at different concentrations,
this could be used to evaluate various industrial formulation protocols. The presence of carrageenan in
SDS solutions did not affect the kinetic preference for the anhydrous phase in the presence of water
for glycerol rich solvents. The inclusion of carrageenan did, however, lead to the (minor) presence of
another crystal, which may be the same type as that formed in the presence of NaCl solutions.
Exploration of the relevant processing mechanisms should have implications for rheology and thermal

stability of SDS.

The behaviour of SDS in glycerol is often similar to that in water, forming ellipsoidal micelles at higher
temperatures and forming co-assembled crystals at low temperatures. The formation of a new, gelling
crystal phase comprising SDS-glycerol ribbons is a promising development that may enable structuring
of materials without additional polymer. Although not sensitive to the process conditions, the addition
of different components causes drastically different behaviour, affecting both the rheology and
morphology of the resulting crystals. While this is not ideal for a complex industrial formulation, the
addition of a polymer such as iota-carrageenan may mitigate this problem by providing viscosity in the
presence of small amounts of water. This work provides fundamental understanding of novel model

mixtures, which can be built upon by others to develop robust industrially-relavent formulations.
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8. Appendix

8.1: Images of SDS-glycerol solutions following heating at 75 °C for 30 minutes and subsequent quiescent cooling.
Left to right: 5 Wt.%, 30 Wt.%, 40 Wt.%, 50 Wt.%, 60 Wt.%, 70 Wt.%, 75 Wt.% SDS. Images show gelation relating
to SDS-glycerol phase formation only at 5 Wt.%

8.2: SAXS of SDS-glycerol mixtures following heating at 75 °C for 30 minutes and subsequent quiescent cooling for
2 Wt.%, 8 Wt.%, 10 Wt.%, 20 Wt.%, 30 Wt.% SDS. Results show SDS-glycerol crystal phase presence in all samples
aside from 30 Wt.% where anhydrous SDS dominates.
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8.3. Electron density profiles constructed from crystal data for anhydrous sodium dodecy! sulfate available from
literature,® using 5 orders of 00! reflections corresponding to layered structure (1%, 2" 3™ 4% and 5% order
reflections). Structure factor amplitudes were calculated using Mercury 4.0 software. m(l) phase signs of the
amplitudes are shown at the top of each profile.
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8.4. Top: Peak fitting for sodium dodecyl (C12) sulphate (SDS) powder: experimental SASD pattern (black) with
diffraction peaks and scattering background fitted by pseudo-Voight functions using asymmetric least square
smoothing, respectively (red line). Inset shows enhanced area containing 4th and 5th order lamellar peak fits. The
blue curve below shows residuals from the profile fitting. Bottom: Output of the diffraction peak fitting (peak
position, d-spacing and intensity) with crystal phase assignment and Miller indexing.
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0.1627 38.62 anhydrous SDS 001 100.00
0.3256 19.30 anhydrous SDS 002 6.93
0.4879 12.88 anhydrous SDS 003 5.04
0.6502 9.66 anhydrous SDS 004 0.02
0.8164 7.70 anhydrous SDS 005 0.07
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8.5. Electron density profiles generated from five 00! reflections of experimental Bragg peak intensities from SAXS
scattering patterns of anhydrous crystal data for (dried) sodium dodecy! sulfate powder (Appendix 8.4). m(l) signs
are shown at the top of each profile.
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8.6. Top: Peak fitting for SDS (8 Wt.%) in glycerol: experimental SAXS pattern (black) with diffraction peaks and
scattering background fitted by pseudo-Voight functions using asymmetric least square smoothing, respectively
(red line). Inset shows enhanced area containing higher order peak fits. The blue curve below shows residuals from
the profile fitting. Bottom: Output of the diffraction peak fitting (peak position, d-spacing and intensity) with crystal
phase assignment and Miller indexing.
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0.1133 55.44 glycerol cocrystal | 001 100.00
0.2266 27.73 glycerol cocrystal | 002 96.25
0.3405 18.45 glycerol cocrystal | 003 20.84
0.4546 13.82 glycerol cocrystal | 004 0.60
0.5684 11.05 glycerol cocrystal | 005 13.76
0.6822 9.21 glycerol cocrystal | 006 0.18
0.7151 8.79 glycerol cocrystal | - 0.66
0.7363 8.53 glycerol cocrystal | - 0.34
0.7566 8.30 glycerol cocrystal | - 0.14
0.7981 7.87 glycerol cocrystal | 007 0.18
0.8902 7.06 glycerol cocrystal | - 0.10
0.9101 6.90 glycerol cocrystal | 008 0.05
1.025 6.13 glycerol cocrystal | 009 0.23
1.138 5.52 glycerol cocrystal | 0010 0.52

173



Chapter 8: Appendix

8.7. Electron density profiles generated from five 00! reflections of experimental Bragg peak data collected from
SAXS scattering patterns of the SDS-glycerol crystal phase created from 8 Wt.% SDS in glycerol, following heating
at 75 °C for 30 minutes and subsequent quiescent cooling (Appendix F). Profiles are grouped into generalised motifs
in order to allow for comparison, due to the similar nature of the profiles. m(l) signs are shown at the top of each

profile.
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8.8. Infrared spectra of glycerol and 16 Wt.% SDS in glycerol recorded following heating at 75 °C for 30 minutes
and subsequent quiescent cooling. Mixture is comprised of the SDS-glycerol crystal phase, and bulk glycerol.

Intensity is offset to allow comparison.
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8.9. DSC heating profiles of SDS-glycerol mixtures following a previous heating and cooling cycle (heated to 75 °C
for 30 minutes before quiescent cooling): a) overlay of background subtracted heating profiles of SDS in glycerol,
b) 1 Wt.% SDS in glycerol, ¢) 1.5 Wt.% SDS in glycerol, d) 3 Wt.% SDS in glycerol, e) 8 Wt.% SDS in glycerol and f)
16 Wt.% SDS in glycerol. Samples contain SDS-glycerol crystal phase as the sole (or majority) crystalline constituent
within the mixtures. Analysis of peak onset and peak temperature is performed using the Peak Integration
(enthalpy) tool using a linear baseline. The end set was measured using the Endset Point analysis tool.
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8.10. Creep-relaxation test of SDS (2 Wt.%) in glycerol, heated to 80 °C for 10 minutes before being isothermally
cooled at 20 °C for 18000 seconds. Regions are marked where stress is applied (creep) and removed (relaxation).
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8.11. Successive flow sweeps of SDS (2 Wt.%) in glycerol, heated to 80 °C for 10 minutes before being isothermally
cooled at 20 °C for 18000 seconds. Red indicates the first measurement, with 2nd 3rd and 4th runs initiated
immediately after. Black was conducted 15 hours later. Minimal change occurs after the first run due to break up
of the network formed by crystal aggregates.
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8.12. Top: Peak fitting for C14/sodium tetradecyl sulfate (2 Wt.%) in glycerol, following heating at 100 °C for 30
minutes and subsequent quiescent cooling: Experimental SAXS pattern (black) with diffraction peaks and scattering
background fitted by pseudo-Voight functions using asymmetric least squares smoothing, respectively (red line).
Bottom: Output of the diffraction peak fitting (peak position, d-spacing and intensity) with crystal phase
assignment and Miller indexing. Blue line shows residuals of the fitted peaks and background.
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8.13. Top: Peak fitting for C16/sodium hexadecyl sulfate (2 Wt.%) in glycerol, following heating at 100 °C for 30
minutes and subsequent quiescent cooling: Experimental SAXS pattern (black) with diffraction peaks and scattering
background fitted by pseudo-Voight functions using asymmetric least squares smoothing, respectively (red line).
Blue line shows residuals of the fitted peaks and background.
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8.14. Top: Peak fitting for C18/sodium octadecyl! sulfate (2 Wt.%) in glycerol, following heating at 100 °C for 30
minutes and subsequent quiescent cooling: Experimental SAXS pattern (black) with diffraction peaks and scattering
background fitted by pseudo-Voight functions using asymmetric least squares smoothing, respectively (red line).
Bottom: Output of the diffraction peak fitting (peak position, d-spacing and intensity) with crystal phase
assignment and Miller indexing. Blue line shows residuals of the fitted peaks and background.
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8.15 Time-resolved 1D SAXS pattern of 2 Wt.% SDS in glycerol/water mixtures during isothermal cooling at 20 °C
with compositions containing a)100% Glycerol, (same experimental data used in Chapter 3), b) 98.7 Wt.% glycerol
and 1.3 Wt.% water, c) 97.5 Wt.% glycerol and 2.5 Wt.% water, d) 96.2 Wt.% glycerol and 3.8 Wt.% water, e) 95.0
Wt.% glycerol and 5.0 Wt.% water, f) 93.7 Wt.% glycerol and 6.3 Wt.% water. Miller indices are assigned to
lamellar diffraction peaks of the SDS-glycerol crystal phase, 00ls, and the anhydrous SDS crystals, 00Ia.
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8.16: 001cand 0014 fitted peak intensity versus the cooling time (right) for 2 Wt.% SDS in glycerol-water mixtures,
normalised to the highest plateau intensity average, using scattering data in Appendix A where a)100% Glycerol,
(same experimental data used in Chapter 3), b) 98.7 Wt.% glycerol and 1.3 Wt.% water, c) 97.5 Wt.% glycerol and
2.5 Wt.% water, d) 96.2 Wt.% glycerol and 3.8 Wt.% water, e) 95.0 Wt.% glycerol and 5.0 Wt.% water, f) 93.7

Wt.% glycerol and 6.3 Wt.% water.
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8.17: Background corrected SAXS profiles of SDS (4 Wt.%) containing a) 40 Wt.% water and 60 Wt.% glycerol b) 20
Wt.% water and 80 Wt.% glycerol c) 10 Wt.% water and 90 Wt.% glycerol d) 0 Wt.% water and 100 Wt.% glycerol
heated and subsequently quiescently cooled. While the SDS-glycerol phase forms in glycerol, the anhydrous SDS
phase forms in all other solvent compositions. 00l and 00l are Miller indices used to denote lamellar peaks of the
respective phases (SDS-glycerol and anhydrous SDS phase).

001a
— 100 -
% 0024
- (\ 003A
2 10 o
Q
o
% "q
- 1 - 0016 0026
G e
=
K7
-
Y
£

003G
0.1 = . l 0056

T r T rLrrra
3 4 56789

N -
W -
-
U -
O) -
~J] =
00 m
P -

T
1

O “©7
-

q[A]

182



Chapter 8: Appendix

8.18: Fitting parameters of the core-shell ellipsoid form factor with Hayter-Penfold structure factor for SDS (2 Wt.%) micelles in glycerol-water mixtures at 60 °C, where the non-
bold column headers indicate fixed parameter and the bold column headers indicate fitted parameters. Note that for all samples, core SLD was fixed at 7.7 x10%° cm?,

temperature was fixed at 333.15 K and salt concentration was set to zero.

Wt%water | Volume | Equatorial [ polydispersi shel Shell SLD | Solvent SLD SHucture | clectric
fraction of core tyindex* | Aspectratio | thickness Charge factor radius .| Reduced x2

of solvent SDS radius [ A] [6/Feore] [ A] [x10%° em?] | [x10Y cm?] [A] constant
0 0.0251 11.3 0.293 0.416 4.83 13.12 11.4 6.80 8.99 33.8 0.91
10.7 0.0244 11.9 0.176 0.408 3.87 12.18 11.2 3.93 9.61 38.2 0.91
20.5 0.0238 13.4 0.294 0.648 7.21 11.97 11 4.22 14.1 42.3 1.40
30.1 0.0233 10.2 0.073 0.367 7.06 10.85 10.7 4.32 11.7 46.3 0.98
40 0.0227 134 0.002 0.503 9.46 10.76 10.5 3.85 11.7 50.2 0.89
50.5 0.0222 13.3 0.087 1.58 491 11.97 10.3 7.75 16.8 534 1.82
59.5 0.0217 14.6 0.122 1.24 2.92 13.25 10.1 3.52 11.5 56.2 2.48
69.7 0.0213 14.9 0.135 1.29 2.96 13.26 9.9 2.41 10.0 59.0 1.63
80.2 0.0208 14.9 0.092 1.57 3.34 12.80 9.7 4,18 8.83 61.6 1.94
90 0.0206 15.0 0.075 1.63 3.31 12.91 9.5 3.96 9.54 64.0 10.02
100 0.0204 15.7 0.101 1.42 291 13.09 9.3 2.81 12.6 66.6 3.84

*Polydispersity index is the core radius standard deviation (o) divided by core radius (rcore).

1 Physical properties of glycerol and its solutions, Glycerine Producers’ Association, New York, 1963.
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8.19: Full fitting parameters of the core-shell ellipsoid model with Hayter Penfold structure factor, for SDS (4 Wt.%) micelles in glycerol-water mixtures at 60 "C. Where non-bold
columns indicate fixed parameter and bold indicates fitted parameters Note that for all samples, core SLD was fixed at 7.7 x10'° cm™, temperature was fixed at 333.15 K and
salt concentration was set to zero.

Wt.% water fr\;‘;’;lof;‘i f eqz'ff: lal POI&;:::)?: sity Aspect thisc:i!ss Shell SLD | Solvent SLD Charge faiigurc::g?us Dielectric Reduced x2
of solvent SDS radius [A] (0/Feore] ratio A [x10° cm?] | [x10%cm?] A constant?

0 0.0491 13.7 0.260 0.608 4.66 13.0 11.4 3.27 12.6 33.8 1.35
9.4 0.0479 15.4 0.178 0.668 4.84 12.8 11.2 5.13 14.6 38.3 1.09
19.2 0.0469 7.4 0.149 0.492 7.81 11.0 10.9 4.79 11.5 42.3 1.11
28.9 0.0457 10.0 0.321 0.662 12.33 10.9 10.7 3.26 14.2 46.3 1.01
58.2 0.0428 31.2 0.083 2.280 7.08 11.5 10.1 16.47 19.5 50.2 9.08
78.7 0.0410 25.6 0.087 1.635 3.09 13.4 9.7 0.10 13.1 61.5 2.82
100 0.0410 26.0 0.066 1.599 3.19 13.1 9.3 15.34 20.3 66.6 12.82

*Polydispersity index is the core radius standard deviation (o) divided by core radius (rcore).

1 Physical properties of glycerol and its solutions, Glycerine Producers’ Association, New York, 1963.
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8.20: Fitting parameters of the core-shell ellipsoid model with Hayter Penfold structure factor, for SDS (4 Wt.%) and 1-dodecanol micelles in glycerol at 60 °C. Where bold columns
indicate fixed parameter and non-bold indicates fitted parameters . Note that for all samples, core SLD was fixed at 7.7 x10'° cm™, solvent SLD was fixed to 11.4 x10%° cm™, shell
SLD was fixed to 13.1 x10™° cm?, dielectric constant was fixed to 33.8,1 temperature was fixed at 333.15 K, salt concentration was set to zero.

Wt.% Equatorial core Polydispersity Aspect Shell radii [A] Charge Volume Reduced x2
1-dodecanol radius [A] index* [0/rCore] ratio fraction (SF)

0 12.64 0.29 0.64 4.12 9.3 0.027 2.14
0.28 13.31 0.28 0.75 3.26 8.93 0.017 2.09
0.56 17.06 0.23 0.63 3.75 11.69 0.026 2.22
0.81 18.6 0.18 0.61 3.56 12.46 0.024 2.36
1.05 16.98 0.24 0.72 3.02 13.03 0.023 8.58
1.31 20.9 0.17 0.57 3.36 13.53 0.02 4.75
1.46 21.5 0.16 0.55 3.05 13.12 0.018 22.6
2.05 24.25 0.17 0.5 31 13.52 0.013 2.14

*Polydispersity index is the core radius standard deviation (o) divided by core radius (rcore).

1 Physical properties of glycerol and its solutions, Glycerine Producers’ Association, New York, 1963.

185



Chapter 8: Appendix

8.21: DSC melting profiles of SDS (4 Wt.%) in glycerol containing a) 0.5 Wt.% b) 3.8 Wt.% NaCl. The melting
temperature is increased by 30 °C between samples indicating a reduction of micellar solubility at high electrolyte
concentration.
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